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CHAPTER I

INTRODUCTION

Background

The diver's environment presents numerous adverse conditions which must

be understood or compensated for to sustain life. In the recent past these

conditions offered severe limitations to the diver's practical operating

depths and mission durations. As late as 1950, the maximum practical oper-

ating depth for divers did not exceed 60 metres. Reduced visibility, im-

paired mobility, and assorted groups of dangerous marine life all contribute

to rendering a diver's task far more difficult than a similar job on the

surface. Additionally, other factors act as more immediate and direct

threats to the diver's life.

For example, the very same gas that we breathe daily to support life on

the surface becomes poisonous to the diver at increased pressures. This

phenomenon, referred to as oxygen toxicity, has been shown to occur in

humans whenever the partial pressure of oxygen exceeds approximately 3

atmospheres (absolute pressure). Although individual tolerances have been

shown to vary widely, as a rule a diver is limited to a depth of 90 metres

when breathing air before oxygen toxicity sets in. Nausea, blurred vision,

convulsions, and death might ultimately occur from oxygen poisoning.

(2)



3

A second phenomenon due to the other major constituent of the air we

breathe is termed nitrogen narcosis, or so called "rapture of the deep". As

a diver descends, the partial pressure of nitrogen in the air he breathes

increases. At depths beyond 30 metres (again individual tolerances vary

widely) the nitrogen produces an intoxicating effect similar to that of

alcohol. This narcosis is characterized by a slowing of mental activity and

a general feeling of euphoria, perhaps leading to a false sense of security.

These conditions, as well as the more popularly known occurrences of

decompression sickness ("bends" or caisson disease) and high pressure

nervous syndrome (HPNS), have all been found manageable in recent years

through the use of proper gas mixtures and dive procedures. Replacing

nitrogen with helium has been shown to eliminate the symptoms of nitrogen

narcosis. To allow divers to reach greater depths, the proportion of oxygen

in this helium/ oxygen mix can be reduced sufficiently to sustain life while

avoiding oxygen toxicity. While extensive research continues in all of

these gas related dive ailments, one hazard of the diver is perhaps less

understood and far more difficult to manage, i.e., body heat loss to his

surroundings.

The sea offers a severe thermal environment for the surface swimmer or

diver. The thermal propertis of seawater, i.e., conductivity and specific

heat, were for many years unsuspected for the deaths of many accidental

* overboard victims in what was considered mild water temperatures. Coupled

with the gradual decrease in sea temperatures as a diver descends, approach-

ing OC at 305 metres even in tropical waters, these properties of seawater

provide the potential for an extreme heat loss from the diver's body through
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convective cooling. Keatinge [11 gives as an example the accident of the

Lakonia which caught fire near Madeira in December 1963 in relatively warm

water (170 to 180C). Even though rescue ships arrived within 3 hours, 113

of the approximately 200 people who entered the water were dead. Even

though all victims were found floating in their lifejackets in fairly calm

sea, death was attributed to drowning for lack of a better explanation.

It is now known that cold is responsible for most deaths after major

shipwrecks and many of the immersion deaths of inland and coastal waters,

but until recently even experts regarded drowning as the only important

4 hazard to life in the water, Keatinge [1]. Several investigators have

recently attempted to predict body heat losses and their effects on the

endurance limits of man submerged in cold water. Hayward, Eckerson, and

Collis [21 gives an experimentally derived expression for this endurance

limit for lightly clothed subjects in water less than 23*C, as

ts = 15 + 7.2/(0.0785 - 0.0034TW)

Tw = water temperature, 
0C

t = endurance limit, min (death assumed at 30°C rectal
s temperature).

Although of minor concern in surface environments, heat lost through

the diver's cyclic breathing pattern is a second major potential source of

body heat drain. A number of investigations, primarily funded by the Office

of Naval Research, were conducted in the late 1960s to characterize the

significance of this avenue of body heat loss for the diver or habitat

dweller in high pressure environments. Webb and Annis [31 recorded heat

losses from the respiratory tract ranging from less than 10 percent of total

body heat loss at the surface to over 25 percent of total body heat loss at
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70 metres of seawater. In investigations by Goodman et al [41 to simulated

depths of 305 metres of seawater, recordings of heat loss from the respiratory

tract of human subjects were seen to exceed total body metabolic outputs at

depths beyond approximately 180 metres when inspiring 1.5 0 C gas tempera-

tures. Beyond this depth the divers were in a state of net body heat drain

even though their thermally protective garments were most effective in

eliminating body surface convective cooling due to cold water immersion.

Unlike the heat losses from surface convective cooling, the potential

ilosses from the respiratory tract remove heat, via the pulmonary - vascular

system, directly from the body's "core" containing the vital body organs.

As such, excessive respiratory heat losses represent a much greater immedi-

ate life-threatening situation than does body surface cooling. In fact the

body has built up a complex thermal regulatory system to minimize central

body core cooling even at the expense of sacrificing less critical peripheral

tissue to cold injury, Guyton 15]. The potentially serious role of this

avenue of heat drain in hyperbaric environments makes it mandatory for us to

understand the heat transfer mechanism in the human respiratory tract.

The two major concerns in the investigation of the effects of breathing

cold, dense gases fall intLo two categories. One, the previously mentioned

(oncern with excessive heat loss directly from the body core, and second,

the potential damage that may result to the pulmonary mucosa from the cold,

dry breathing gas. In the previously mentioned studies of Goodman et al

14], an inspiration temperature was observed at various simulated oceanIdepths below which copious secretions from the pulmonary airway were observed.
Hoke, Jackson, Alexander, and Flynn [6] likewise observed such secretions
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and acute respiratory difficulty in similar tests to 244 metres of seawater

when 00C gas temperatures were used and at 305 metres of seawater when 7*C

gas temperatures were used. They concluded that a rate of respiratory heat

loss exceeding 350 watts was detrimental to pulmonary function and overall

thermal balance in spite of exercise.

Injury to the respiratory tract may not be limited only to the effects

.1 of cold, dense gases. The lack of moisture content in the inspired gas may

likewise contribute to damaging effects on the pulmonary airways. Marfatia,

Donahoe, and Hendren [71 observed severe pathologic changes to rabbits' res-

piratory epithelium following 6 hours respiration of dry (18 percent RH)

gases at 230C at surface pressure. Characteristic changes included destruc-

tion of cilia and mucous glands in the upper respiratory passages, and up to

2 percent loss in total body weight. Similar experiments with humidified

(90 percent RH) gases at 22*C showed no pathologic changes or weight loss.

Burton [8] indicates that similar results have been observed in man during

mouth-breathing of dry gases during postoperative periods.

The inability of the respiratory tract to keep up with the fluid and

heat demands required to condition the inspiratory gases appears to be the

major contributor to these pathologic changes. This conditioning capability,

*" especially of the upper respiratory tract, has been identified for many

years as a major protective weapon in defense of the i"-gs. Whether called

a "passive heat exchanger" (Webb [91) a "countercurrent heat exchanger"

I (Jackson, Schmidt-Nielsen [101), or a "heat and moisture exchanger apparatus"

(Cole (111), the proximal 10 to 15 cm length of upper respiratory tract has

an efficient design to condition incoming gases to near body temperature and
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humidity saturation prior to entering the lungs at I ATA during nasal breathing.

Webb [9] demonstrated this phenomena by recording gas temperatures of 25' to

33*C only 9 cm back from the anterior nares while subjects breathed gases at

temperatures ranging from -20° to 310C at the surface. This data is supported

by Armstrong [121 who reported no direct laryngeal injury during 2 to 6 hours

breathing air at -801F at high altitudes, and by Spealman [131 during exposures

to temperatures ranging from -83*F to 1331F at surface conditions. This

conditioning ability of the respiratory tract will of course be jeopardized

as pressure increases, as in a diving operation, due to the increased heat

and moisture demand of these dry, high density respiratory gases. Under

these severe conditions, the inspired gases will continue to drain heat and

moisture from the lower respiratory tract until saturated with water vapor

at body temperature. This condition may not be reached until the gases have

penetrated through several bifurcations of the lower respiratory tract 1171.

The experiments of Moritz, Hendriques, and McLean [14] offer further

support of the excellent conditioning capabilities of the upper airways in

extreme environments, and also demonstrate the importance of the moisture

content of the inspired gases. In these experiments, the effects of forced

inhalation of hot gases, steam-air mixtures, and flame inhalation on the

respiratory tract and lungs of dogs was investigated. The inhalation for

short durations of hot, relatively dry furnace gases (350C) and flames (up

to 5500C recorded in larynx) were observed to rapidly cool to as low as 50*C

by the time the lower trachea was reached. Autopsies revealed mild-to-no

damage in the lungs. On the other hand, during inspiration of a steam-air

mix (approximately 1001C), temperatures up to 941C were recorded at the

lower trachea. Moderate to severe pathologic changes were observed in the
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airways at autopsy. These additional experiments may indicate that the

primary means for the upper respiratory tract to condition the inhalation of

hot, dry gases is to convert the high temperature energy into latent heat.

Although these extremely high temperatures would never be expected to be

seen by a diver, this data does serve as supporting evidence of the signifi-

cant protective capability of the upper respiratory tract. In a diving

situation this protective mechanism must necessarily work somewhat differently.

During the inhalation of cold, dry gases the upper respiratory tract must

supply sufficient heat to warm the gas to body temperature, and the moisture

and latent heat to saturate the gas at body temperature. As previously

noted, this moisture and heat requirement can put a serious strain on the

body's fight to maintain thermal neutrality.

Fortunately, all of the heat and water vapor given up by the respira-

tory tract during cold gas inhalation is not lost. Bouhuys reports that a

man breathing dry air at 00C and 1 ATA would use nearly all his basal meta-

bolic heat production merely to warm and humidify the air he inspired without

any protective mechanism [151. Clearly, protective mechanisms within the

respiratory tract prevent this occurrence. Webb [91 demonstrated the heat

and water vapor conservation features of the upper respiratory tract in man

during expiration. In a series of tests 18 subjects inspired an air environ-

ment at the surface at ambient temperatures of 75'C, 55°C, 250C, 5°C, and

-250C. Nasal airway temperatures were continually monitored with shielded

thermocouples at 1 cm, 5 cm, and 9 cm back from the nasal opening. In all

tests, Webb found that expired temperatures were less than body temperature

unless the inspired air temperature exceeded 75*C (dry) or 550 C (vapor

pressure above 45 mm Hg). Webb explains that during expiration, the vapor
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saturated gas gives up heat and moisture through condensation to the airway

walls that were previously cooled during inspiration. (Webb noted that this

cooling and condensation of the expired gas probably causes the watery nasal

drip when breathing cold air.) In so doing the conserved heat and water

vapor can be available for the next inspiration. The overall result of this

process is the net loss from the respiratory tract per day of about 350 Kcal

of heat (about 17% of the basal metabolic rate) and 250-400 ml of water [72,

731 under resting conditions.

Although not as pronounced in humans, this conserving feature plays a

major role in the ability of small mammals to exist in arid climates with

little or no external water supply [16]. Expiration temperatures 101C below

ambient temperatures have been recorded in the Kangaroo rat; evidence of the

superior conservation features in these desert rodents.

It is clear then, from previous research that the heat and water vapor

transport mechanisms in the respiratory system are extremely important in

the body's defense against climatic extremes. Additionally, many respira-

tory dysfunctions diagnosed clinically are now being attributed to a break-

down of these defense mechanisms. For example, these processes apparently

play an essential role in the dysfunction of the ventilatory system in some

diseases such as cystic fibrosis [79]. Also, recent studies at Peter Bent

Brigham Hospital have found evidence that heat loss from the mucosa due to

heating and humidifying inspired air is a major stimulus for exercise-induced

asthma 180, 81, 82]. In fact, recent reports have stated a probable connec-

tion between the mucosa temperature, water content, and heat fluxes in the

respiratory tract with many other diseases, which collectively, are the

leading causes of bed disability and work loss in the US [83, 841.
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A full understanding of these exchange mechanisms in the upper and

lower respiratory tracts are thus desirable. Past investigators (Goodman et

al [4], Webb [3], Hoke [6]) have given much information to characterize

these processes under experimentally defined conditions (i.e., metabolic

rate, respiratory minute volume, gas composition, etc). They have derivel

empirical expressions of expired temperature as a function of inspired

temperature which can be used for predicting respiratory heat loss over a

range of conditions. Braithwaite [24] used the results of these past studies

to derive limits of minimal safe inspired gas temperatures for divers at

depths of 180 to 305 metres of seawater, Figure 1. Although recognized as

significant in their value as a good first estimate these guidelines were

derived using an overall "black box" approach as given in Appendix G without

an assessment of the local heat and mass exchange mechanisms that occur in

the respiratory tract. As such, Braithwaite recognized that the proposed

limits did not adequately address the effects of respiratory minute volume,

gas density, gas composition, metabolic heat production and water vapor

content on these exchange mechanisms.

Unfortunately, these heat and water vapor transport mechanisms have not

been characterized quantitatively in the human airways. This is primarily

due to the complex geometry and flow patterns in the airways which complicate

modeling efforts. This research is directed toward fulfilling these characteri-

zations.

S 'I
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Approach

When considering the local heat and mass exchange from any segment

within the respiratory airway, as shown in Figure 2, individual expressions

can be written for these two transport processes. At the interface between

the gas stream and passageway wall (the mucous membrane) evaporation takes

place and a saturation state exists at the interface temperature, Tw. The

mass transfer from this interface to the gas stream occurs because of a

difference in concentration of the water vapor according to the expression

[601

m/A =hD (Pw - Pi)

where

m mass transfer rate, g/sec

A = heat transfer surface area, cm
2

hD = mass transfer coefficient, cm/sec

Pw = partial mass density of water vapor at interface, g!cm3

P, = partial mass density of water vapor of incoming gas stream,

g/cm
3

Likewise, sensible heat transfer between the gas stream and interface

* can be expressed as the product of a heat transfer coefficient, h, and the

difference between the interface and gas stream temperatures.

qs/A = h(Tw - T.)
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where

qs = sensible heat transfer rate between the gas stream and mucosa,

Watts

h = heat transfer coefficient, Watts/cm 2 0C

T. = temperature of incoming gas stream, 0C
1

Since the water vapor transferred to the gas stream must be supplied

with its latent heat of vaporization, h fg the total heat flux between any

segment of the mucous membrane and the respiratory gas is

q/A = h(Tw - Ti) + hD (Pw -pi) hfg

where

hfg = latent heat of vaporization, joules/g.

The key to properly understanding heat and water vapor transport in the

human airways is to fully characterize the heat and mass transfer coefficients,

h and hD, over the full range of conditions encountered in respiration at

the surface and deep sea conditions. These characterizations would be

practically insurmountable if the many pertinent flow and gas parameters

(i.e., flow rate, gas properties, etc) were allowed to vary independently.

This complexity is minimized through the use of dimensionless groups in

determining the behavior of these transfer coefficients. A thorough dis-

cussion of these dimensionless groups will be delayed until Chapter V.

However, briefly stated the primary objective of this research effort will

be to characterize in the human airways the dimensionless heat transfer

parameter, Nu, defined as

Nu = hD
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where

Nu = dimensionless Nusselt number

D = characteristic dimension, cm

K = gas thermal conductivity, Watts/cm *C

and the dimensionless mass transfer parameter, Sh, defined as

Sh 
D

D

where

A

Sh = dimensionless Sherwood number

D = mass diffusivity coefficient of water vapor toV

respiratory gases, cm2/sec

over the full range of conditions encountered during breathing in hyperbaric

gas environments. The assessments of their behaviors will be made over a

range of Reynolds numbers, Re, to adequately address respiratory heat loss

to 610 metres of seawater (2000 FSW)

where

Re 4pnDp

p = gas density, g/cm

p = gas viscosity, g/cm-sec

Vg = volumetric flow rate, cm3/sec.



16

It was shown previously that Reynolds number values between 0 and approxi-

mately 62,000 (based on the diameter and flow velocity in the trachea) would

be adequate for this desired range of applications [251.

In the research about to be described, the local heat transfer charac-

teristics from castings of the human upper airways (trachea and upward) and

a model of the lower airways are measured in both surface (IATA) and hyper-

baric environments. Heat transfer relationships are derived for mouth and

nasal breathing during quasi-steady inspiratory and expiratory flows while

simulating constant mucosa temperatures. Mass transfer relationships have

been derived by analogy from these heat transfer measurements. A compara-

tive conditioning efficiency evaluation is also made between the oral and

nasal passageways from these relationships. The use of these transport

relationships, in conjunction with a mathematical model of flow in the human

airways, gives a detailed insight into the effects of environmental conditions

and respiratory requirements on the temperatures and heat fluxes of the

airway mucosa.

In going about these characterizations the results of past investi-

gations at Duke University were utilized. Linderoth and Kuonen 1171 and

Nuckols [25] determined experimentally the inspirational heat transfer

characteristics of physical models of the lower respiratory tract in unidirec-

tional, steady flow conditions. Heat transfer relationships, N-u = f(Re, Pr)

as seen in Figure 3, were derived based on these models, and they were found

to be applicable over a wide range of hyperbaric conditions and respiratory

rates. Johnson [261 verified these relationships during in vivo measurements

of the gas stream and lumen wall temperatures of anesthetized dogs at hyper-

baric conditions.
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It was necessary in this study, to verify or modify the above desired

relationships in an expiratory flow direction using the same model. Mass

transfer coefficients are then derived from the above relationships using

the Chilton-Colburn j-factor analogy. It was additionally necessary to

derive heat and mass transfer coefficients for the upper respiratory tract.

These were determined experimentally from a cast of the upper respiratory

airways of a human cadaver. Heat and mass transfer coefficients are

derived in both the oral and nasal breathing modes. These two relationships

are compared to quantify the relative effectiveness of these two respiratory

passageways.

Throughout the experimental recordings, two fundamental assumptions

have necessarily been made in the modeling efforts.

a) heat transfer characterizations in the human respiratory

system using quasi-steady flow are representative of the actual unsteady

flow state of cyclic breathing and

b) heat transfer characterizations from physical models of the

human airways having constant wall temperatures are applicable to the condi-

tioning processes in the living system.

The use of these assumptions has widespread precedence and justifying

evidence in past flow characterization studies [17, 25, 38, 53, 56]. These

assumptions and rationales for their use are discussed in Appendix A.

Following the experimental phase of this study a mathematical model of

the human respiratory system is introduced. When used in conjuction with

the derived relationships for heat and mass transfer in the upper and lower
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respiratory tracts, regional airway temperatures and water vapor contents

and expiratory temperatures under varying ambient conditions can be deter-

mined.

An additional utilization of this model would also provide a new analyti-

cal tool for the investigation of the controversy surrounding the use of the

respiratory tract in active surface rewarming and/or as a region of supple-

mental heating. Harrison, Hysing, and Bo [28] reported that the effective-

ness of the respiratory tract is limited as a means of inducing body cooling
for surgical purposes at 1 ata. (Body cooling rates of 1.1C/hr obtained by

cooling with cold He-0 2-CO2 inspiratory mixes was considered not rapid

enough for surgical needs). However, it was suggested that it may have

application for adding supplemental heat in high pressure environments.

Lloyd, Conliffe, Orgel, and Walker [29] have proposed an apparatus which

features inhalation rewarming that has been used as an ancillary first aid

treatment of hypothermia victims in hill climbing in Scotland. Hayward and

Steinman [301 have used a similar apparatus in comparative investigations of

inhalation and immersion rewarming. They claim that although no significant

difference in core temperature rise is seen in these experiments, rapid

esophageal temperature increases are seen with inhalation rewarming. They

argue that this temperature rise is closely related to the heart and great

vessel temperature which would indicate a reduced chance of ventricular

fibrillation when using this method. Although an investigation of the

merits of these arguments are beyond the scope of this study, the model will

allow a good estimation of the quantity of heat which can feasibly be trans-

ferred to the body during inhalation warming and/or supplemental heating

tinder various environmental conditions.
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In the next chapter, the anatomy and functions of the human respiratory

tract will be discussed briefly to explore the necessary considerations in

modeling this living system. Model fabrications and testing will be discussed

in detail in Chapters III and IV, followed by an analysis of the test results

in Chapter V. Simple analytical models will be utilized in Chapter VI to

show several methods in which the results of this investigation can give

meaningful information concerning the heat and mass transfer in the human

airways at hyperbaric conditions. A liberal use of Appendices will be made

to describe supporting sub-investigations to most effectively streamline the

main study.

t-
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CHAPTER 11

THE RESPIRATORY SYSTEM: DESCRIPTION AND FUNCTIONS

The human respiratory tract serves many functions other than its primary

role as a passageway to conduct inspired and expired gases to and from the

gas-exchanging surfaces in the lungs. In addition, it is instrumental in

other important functions--gas filtration, producing voice sounds, chemically

monitoring inspired gases, and warming and humidifying respiratory gases (151.

As a filter, the air passages rid inspired gases of aerosol particles

prior to reaching the delicate alveoli. This is accomplished through the

design of the airway shape. Continual turns and branches in the airway

passage cause particulate matter to be propelled to the walls where they are

trapped by mucus coating the air passage epithelium. Paddling motion of

microscopic, hairlike structures, called cilia, push the dirt-laden mucus of

the upper passages down into the throat and upward from the lungs into the

throat thereby maintaining a clean air passageway.

Additionally, particulate matter in the nasal. passages and the lungs are

cleared, respectively, through sneeze and cough reflexes. These reflexes are

additional protective mechanisms, ttiggered by tiny nerve endings in the

*1 respiratory tract, to rid the air passageways of irritants in the air. Similar

nerve endings just inside the nasal cavity also serve as the first line of

defense against our breathing contaminated air. Very sensitive to odors,

(21)
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these nerve endings alert us early to noxious gases which may be damaging to

the lungs.

Perhaps of even greater importance to the defense of the alveoli is the

temperature and humidity conditioning of inspired gases by the respiratory

tract. This conditioning capability has been demonstrated by numerous

investigators in both extreme hot and extreme cold climates [741. One early

documented investigation in 1775 was conducted by Dr. Charles Blagden of the

Royal Society of London. He and three colleagues exposed themselves to a

150*F dry environment for 20 minutes without apparent ill effects to their

respiratory systems. More recently, a student of the University of California

at Los Angeles volunteered to remain in a laboratory enclosure with the

internal air at 115'C. Even though the delicate alveoli would have been

severely damaged during only a few minutes at this temperature, this student

was capable of remaining a full 26 minutes before he voluntarily terminated

his exposure [74].

These and many other investigations previously discussed clearly demon-

strate evidence of temperature and humidity conditioning capabilities of the

respiratory tract. A look at the physical makeup of the air passageways

helps us to understand this conditioning capability.

Physical Description

During normal breathing through the nasal passages, the inspiratory gas

first passes through a bony entrance region of the upper respiratory tract,

Figure 4. This region composed of the turbinates, nasopharynx, septum, and

hJ
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choana, serves as an excellent gas conditioning space for warming and humidify-

ing the inspired gas. Up to 160 cm2 of mucous membrane surface 1151 in this

upper portion provides a good surface area for these conditioning processes

during inspiration, and the heat and moisture recovery during expiration.

Continuing its travels past the stoma, the inspiratory gas conditioning

continues. Under normal atmospheric conditions, the inspired gas will reach

within 2 to 3 percent of body temperature and come to within 2 to 3 percent

of full saturation with moisture prior to reaching the trachea [5].

When the gas is inspired through the mouth, the conditioning process

will be less efficient due to the reduced surface contact area in the oral

passage. However, under normal atmospheric conditions, it is doubtful that

significant conditioning occurs beyond the third or fourth generation of

branching in the lower respiratory tract [17].

The lower respiratory tract, composed of a system of multibranched

tubes as represented by Weibel's morphological model (Table 1), is capable

of continuing the gas warming and humidification during more extreme ambient

conditions. This ever-branching system ensures the completion of the inspir-

atory gas heating and humidification prior to reaching the alveoli. In so

doing, this natural air conditioning system protects the lungs from extremes

in environmental temperature and humidity.

The upper and lower 'ract epithelium, composed of ciliated columnar

cells contain mucous secreting glands. The wavelike motion of the hairlike

cilia provide a continual fluid layer along the airway walls 115]. This

fluid, called mucus, is a viscoelastic semi-solid substance of gelatinous

consistency.

611L L
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TABLE 1

WEIBEL'S MORPHOLOGICAL DIMENSIONS OF THE HUMAN LUNG*

Number Per Diameter Length Total Cross Total Accumulative
Generation Generation D(z) L(z) Section Volume Volume

Z n(z) cm cm cm2  cm3  cm3

0 1 1.8 12.0 2.54 30.50 30.5

1 2 1.22 4.76 2.33 11.25 41.8

2 4 0.83 1.90 2.13 3.97 45.8

3 8 0.56 0.76 2.00 1.52 47.2

4 16 0.45 1.27 2.48 3.46 50.7

5 32 0.35 1.07 3.11 3.30 54.0

6 64 0.28 0.90 3.96 3.53 57.5

8 256 0.186 0.64 6.95 4.45 65.8

9 512 0.154 0.54 9.56 5.17 71.0

10 1,024 0.130 0.46 13.4 6.21 77.2

11 2,048 0.109 0.39 19.6 7.56 84.8

12 4,096 0.095 0.33 28.8 9.82 94.6

13 8,192 0.082 0.27 44.5 12.45 106.0

14 16,384 0.074 0.23 69.4 16.40 123.4

15 32,768 0.066 0.20 113.0 21.70 145.1

16 65,536 0.060 0.165 180.0 29.70 174.8

17 131,072 0.054 0.141 300.0 41.80 216.6

18 262,144 0.050 0.117 534.0 61.10 277.7

19 524,288 0.047 0.099 944.0 93.20 370.0

20 1,048,576 0.045 0.083 1,600.0 139.50 510.4

21 2,097,152 0.043 0.070 3,220.0 224.30 734.7

22 4,194,304 0.041 0.059 5,880.0 350.00 1,084.7

23 8,388,608 0.041 0.050 11,800.0 591.00 1,675.0

-*From Weibel [27]
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Mucoid sputum is reported to be 95% water and contains saliva with many

bacterial enzymes [38]. The nasal mucosae continually regenerates itself

with new mucus secreting and ciliated cells while shedding dead cells. This

process occurs following trauma or during normal cell turnover, with a

normal cell life in the human mucosae of 7.5-9 days [381.

Gas Flow in the Lower Tract

'j

Gas flow in a branching system representative of the lower respiratory

tract has been characterized extensively by researchers at Imperial College

in England [53, 54, 55, 561 using pipe models and actual castings of the

lower airways. Complex secondary flows were shown to be generated down-

stream of each succeeding bifurcation as a result of the inertial forces of

the fluid stream. A complete summary of these flow studies is given by

Johnson [26].

All of the experimental flow studies conducted in the past have utilized

quasi-steady flow through models or castings of the airways. This procedent

will be followed in the experimentals phase of this research with justifica-

tions outlined in Appendix A.
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Gasflow in the Upper Tract

With the exception of periods of heavy exercise or chronic nasal obstruc-

tions, most humans are preferentially nasal breathers. This appears para-

doxical since nasal breathing requires about 50 percent more effort than

mouth breathing under normal conditions [38]. Fortunately for us, this

instinctive behavior is followed due to the excellent advantage we apparently

receive from the point of view of respiratory gas conditioning and particle

filtration. For infants, Polgar [18] indicated that nasal breathing, except

during crying, is compulsory and can lead to death if nasal obstructions are

4not detected early. This obligate nose breathing of infants may in fact be

facilitated by lower nasal flow resistance than oral flow resistance [19].

A look at the anatomy of the nasal passages, Figures 5 and 6, will

clearly demonstrate how its structure best fits the function of conditioning

and filtering our breathing gases. A relatively large cross-sectional area

in the main nasal passage is broken into narrow widths by the nasal septum,

dividing the nasal airway into two, and further by the folds of the turbi-

nates. This assures maximum contact between the respiratory gas and the

mucosal surfaces.

During mouth breathing, as must be employed when using many diving

apparatus, the resulting airway can be maintained nearly as efficiently in

filtration as the nose by positioning the tongue close to the palate [381.

However, during heavy exercise, inspiration will usually occur through a

wide open oropharynx, with most of the conditioning and filtration of the

breathing gas lost.
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During mouth breathing, very little air passes through the nose due to the

relatively high nasal resistance [15].

Very little is known about the airflow through the oral cavity during

heavy exercise. However, thanks to the efforts of Proctor and Swift [38] the

nature of airflow in the nasal passages has been clearly demonstrated through

the use of clear polyester casts. In some of their studies, waterflow (flow-

rates chosen to maintain appropriate Reynolds number) was used to provide

streamline markings with dye injections at various locations in the nasal

cavity. This method allowed a visualization of the direction of flow, and

also indicated regions of laminar and turbulent flow. Figure 7 summarizes

these flow visualization studies during inspiration. Note that most of the

flow in the main nasal cavity appears to pass between the middle meatus during

inspiration. A small portion of the incoming flow travels upward to the

olfactory area to join a standing eddy current. This eddy current is possibly

optimum to sample the gas for toxic smells without damaging the olfactory

mucosa. By contrast to this inspiratory flow behavior, they saw roughly equal

flow along the main nasal passage during expiration with complete flushing of

the olfactory area.

Table 2 summarizes the airflow behavior during inspiration for their

model studies at a half-passage flow rate of 12.5 liters/min. Note here that

even for flow rates approximating that of a resting subject, turbulence per-

sists in the flow stream beyond the ostium internum. This mixing behavior

aids in the conditioning capability of the upper respiratory tract.
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TABLE 2

FLOW BEHAVIOR IN THE UPPER AIRWAY DURING INSPIRATION AT
A RESTING HALF FLOW RATE OF 12.5L/MIN*

Location Total Area (cm2) Flow Velocity (m/sec) Flow Type

Nostril 1.8 2.3 Laminar
Ostium Internum 0.64 6.5 Laminar
Main Nasal Cavity 5.5 2-3 Turbulence
Nasopharynx 3-5 4 Turbulence

*From Proctor and Swift [38]

They also found that during quiet breathing of normal subjects, the

*: resistance of the nasal passage represents approximately one-half of the

entire respiratory tract resistance. However, essentially no pressure

change was recorded beyond the first 1.5 cm of the main nasal chamber; i.e.,

just beyond the ostium internum. Thus, the entire transnasal pressure drop

is found in the first 1.5 cm of the airway, with the remainder of the passage

acting essentially as a plenum. In fact, the ostium internum region has

been found to act as a built-in flow-limiting device. When inspiratory

airflow reaches 1 to 1.25 litre/sec, this portion of the airway tends to

collapse and any additional inspiratory force produces no further airflow.

Beyond this flow requirement, mouth breathing becomes a necessity.

One further note must be made when considering the flow characteristics

in a single nasal passageway. There appears to be a wide range in nasal

airflow resistance between normal individuals and in any one individual from

time to time. Many factors have been identified which influence this vary-

ing nasal resistance. Among them:

A
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a. Cold air increases nasal resistance and decreases peak airflows

1201.

b. Exercise reduces nasal resistance [21, 221.

c. Various noxious gases in the environment increase nasal resistance.

In addition, normal individuals are known to have a systematic variation in

the nasal resistance first in one side of the nose and then the other 123].

This phenomena, known in the rhinological literature as the "nasal cycle" is

thought by some to serve as a built-in safety mechanism to assure that neither

side of the nose is continuously burdened with conditioning and filtering the

breathing gas. Whatever the function and mechanism may be for this cyclic

A variation in nasal resistance, it certainly complicates any attempt to charac-

terize the gas flow and conditioning capability of the nasal passageway through

the use of a single cast model. However, by characterizing the heat and mass

transfer mechanisms in models based on mean nasal resistance values of numerous

in vivo measurements, nominal transfer characteristics can be identified.

Such as approach was followed in this research. It remains to be explored the

effects of variations in nasal resistance values on the heat and mass transfer

mechanisms in the human airways.

i
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CHAPTER III

LOWER RESPIRATORY TRACT

EXPERIMENTAL APPARATUS, INSTRUMENTATION, TESTING

As reported earlier, the heat transfer characteristics of the lower

respiratory tract were recorded in previous investigations during simulated

inspiration flow studies [17, 25]. Rigid pipe models were used in these

past studies to simulate a typical three branch "unit" in the branching tree

system of the lower respiratory tract. These tests confirmed that a single

relationship could be found which described the heat transfer characteristics

of the lower respiratory tract over a wide range of breathing gas mixtures

and ambient pressures. A significant finding from these past studies was

that further characterizations of this system could be made at the surface

(I ATA) which properly described its performance at hyperbaric conditions.

The experimental effort during this investigation of the lower tract

was conducted to further characterize this branching system in the exhalation

flow mode. Based on the findings of the previous studies, all tests in this

investigation were conducted at 1 ATA to facilitate the test procedure and

data acquisition. Data from this and the previous studies are used to

complete the characterization of the heat transfer in the lower respiratory

tract during the entire breathing cycle.

(34)
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Model Description

The rigid pipe model utilized in one of these previous investigations

1251 served as the test apparatus in this continued study. This model of

the trachea and the first two branchings of the lower respiratory tract was

made using schedule 40 and 80 black iron pipe. Scaling for the model was

made according to the morphometric data collected by Weibel [311 for the

adult human lung as seen in Table 1 of the previous chapter. An overall

scale, based on Weibel, of approximately 2:1 was chosen to allow easy en-

trance into a man-rated chamber for hyperbaric studies during the previous

studies. An angle of 60 degrees was used for both branchings based on the

measurements made by Horsfield and Cummings [321. A schematic of this model

is shown in Figure 8 with the branch and data locations identified. Sixteen

data taps were positioned as seen in Figure 8 so that horizontal and vertical

temperature profiles could be obtained near the entrances and exits of each

branch.

The pipe model was mounted inside a watertight plywood box in which the

model entrance and second branches penetrate. This box provided a constant

temperature water bath which surrounded the model to provide a uniform and

constant wall temperature. The water bath was maintained at a preset tempera-

ture with variations of less than 1C by means of a submersible heater

featuring automatic feedback control (FTS Systems, Inc.). A laboratory

stirrer (Cole-Parmer Model 4554) was used to maintain continual water move-

ment around the heat coils, thereby minimizing temperature variations.



36

0 z

NLU z c

00

21C -e

E 0

.4Z N

a >

V.) CN (CC

I 0-

LL

LU

Z -o 0
4 0

LU

I cc
0 N D



37

During each series of investigations, the gas under study was drawn

through an entry pipe into branch 1, and exited through the four smallest

branches into a plenum (for expiratory studies the flow path was reversed).

This plenum ensured equal static pressures at the ends of the four small

branches, simulating the intrapleural pressure in the lung. A commercial

centrifugal blower (McMaster-Carr No. 1954Nll) provided the gas movement

through the model by connection of the model exhaust to the blower intake.

Instrumentation and Data Acquistion

Flow and temperature measurements required to characterize the heat

transfer characteristics of the lower respiratory tract were obtained and

stored by means of an automated data acquisition system. This system provided

a minimum time duration for temperature profile measurements within the

model, thereby minimizing possible variations in the desired ambient condi-

tions during these measurements.

a. Temperature Measurement. Thermocouple probes shown in Figure 9

were used to measure the temperature profiles (radial) at each data tap

location. Each thermocouple junction was made using 30 gauge copper and

constantan wire with nylon insulation. A rosin core solder was used to make

the junction surfaces as reflective as possible to minimize radiation effects

from the surrounding model walls. The exposed wire leading to each thermo-

couple junction was coated with an insulating varnish to reduce chances of

electrical short circuits with the probe casing. The thermocouple wire was

then threaded through a 3-inch length of stainless steel capillary tubing

(0.12 cm ID/O.17 cm OD) until the junction extended approximately 2 cm out
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of the tubing. The exposed wires were bent allowing the junction to extend

I cm upstream from the capillary tubing axis. Electrical potting resin

provided a waterproof seal between the thermocouple wire and the inside of

the capillary tubing. This probe design was found to be highly dependable

for these temperature profile measurements, and showed readings quite compar-

able to those obtained with a hot film anemometer. Its reliability, dura-

bility, and low cost made its use desirable over anemometer or thermistor

probes.

Each probe was inserted into an 0-ring sealed mounting assembly which

provided a dynamic seal, allowing the probe to move freely across the branch

.4 diameter. The output voltages from each probe were relayed through an elec-

tronic ice point (Omega Model MCJ) prior to their connection to the data

acquisition system.

The ambient and water bath temperatures were each recorded using a

Yellow Springs YSI701 thermistor. Their outputs were each processed by a

Sire 700 signal conditioner prior to entering the data acquisition system.

b. Flow Measurement. A laminar flow element (Meriam Model 50 MC2-4)

was placed in series wih the pipe model to record gas volumetric flow rates.

The pressure differential generated by the LFE was monitored continually by

a Statham differential pressure transducer (Model PM96TC). This signal was

then processed by an HP 8805B carrier amplifier prior to being recorded by

jt the data acquisition system.

c. Data Acquisition System. The data acquisition system is represented

schematically in Figure 10. The heart of this system consists of a HP 9830A
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programmable calculator with an interface bus system (HP-1B) which allows

two-way communication between measurement and recording instruments and the

calculator. Data collection was initiated by the calculator's command to

the scanner (HP 3495A) to scan all data channels successively. While this

scanning operation took place, a digital voltmeter (HP 3455A) was internally

instructed to read the signal from each data channel and enter it into the

calculator's memory bank. This procedure could be repeated as often as

desired, and was programmed to trigger at a predetermined time interval as

measured by a HP 59309A digital clock.

Once the data had entered the calculator's memory, it was processed for

the determination of heat transfer characteristics. It was then printed

(HP 9866A Printer) and stored for later retrieval on a periphery memory

cassette (HP 9865A).

A photograph of the test setup and associated instrumentation is shown

in Figures 11a and 11b.

Instrument Calibrations

Prior to the initiation of these tests, the digital voltmeter (HP 3455A)

was calibrated in the Naval Coastal Systems Center calibration laboratory, a

Type II facility, traceable to the National Bureau of Standards. All other

instruments critical to the data acquisition during these tests were cali-

brated prior to each day's testing, and checked periodically throughout the

day.
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a. Flow Measurement

The Meriam laminar flow element (LFE) depends for its accuracy and

metering indication on the principles of laminar flow. A slight differential

pressure is created by the insertion of a resistance element in the flowing

stream. Due to the forced laminar behavior of the flow through this resis-

tance element, the differential pressure follows a near linear relationship

with flow*. The LFE is factory calibrated using air flow versus differential

'*1 pressure at 70*F and 29.92-inch Mercury absolute. When the flow temperature

and pressure are at other than calibrated conditions, corrected flow is

obtained by application of the ideal gas relationship

Pz

V1 
= V 2  P1  , T2

or

Corrected flow (LPM) = Measured flow (LPM) x 29.92 x 
460+Tf

Pf x (530)

where:

Pf = actual inlet pressure, in of Hf g

Tf = observed flow temperature , OFIf

The differential pressure transducer (DPM), used in this flow measure-

. ment, was calibrated against an inclined manometer and an electronic digi-

gauge (Ashcroft 0-50 in H20) prior to each day's run, see Figure 12. A

custom-made syringe having a hand crank screw mechanism was connected by

tubing in parallel to the DPM and either the inclined manometer or the

*Complete linearity is not achieved due to the dynamic losses seen on entry

to and exit from the resistance element.
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digi-gauge. By advancing the syringe plunger with the hand crank, a known

pressure, as read on the manometer or digi-gauge, was applied to one side of

the DPM. By allowing the other side of the DPM to remain open to ambient

pressure, this differential pressure could be used in the DPM calibration.

The gain and zero point were then set on the carrier amplifier to give a

convenient voltage output at this pressure level.

4.

Prior to each day's run, this zero point and gain setting was checked

as described above to ensure their continued accuracy.

* b. Temperature Measurement

The electronic ice point contains a self-compensating electronic

circuit built into a standard female quick-disconnect. This system, Figure 13,

incorporates a temperature sensitive element which is thermally integrated

with cold junctions T2 and T3 inside the ice point reference. In this

system, the emf generated by the ice point compensator is equivalent to that

produced at the measuring junction at 00C.

As the ambient temperature surrounding the cold junction T2 and T3

varies, a change in thermal emf is generated. This thermal emf induced into

the circuit would create an error in the output unless otherwise compensated

for. To accomplish this, an equal and opposite voltage is injected into the

circuit automatically by a "compensating voltage generator" which in turn

cancels out this error emf. This "compensating voltage generator" is tempera-

ture sensitive and produces a compensating emf that tracks the error signal

over a wide ambient temperature range. The manufacturer specifies a compen-

sation accuracy, for a reference temperature setting of O°C, of ±t0C over a
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temperature range of 150C to 30*C [33). To verify this accuracy, each

thermocouple probe in series with the electronic ice point was immersed in a

well-stirred ice bath while recording their emf's. All emf generated by

these probes were within this specified accuracy.

Experimental Procedure and Results

Using the instrumentation scheme described earlier, temperature profiles

were recorded at the entrance to branch 3 and 4 and the exit of branch 1

during expiratory flow studies, see Figure 8*. Eleven temperature points

were recorded across the model diameter at each location, both vertically

and horizontally. Typical temperature profiles are shown in Figures 14

through 18. These profiles are consistent with those recorded in previous

investigations of inspiratory flow in pipe models of the lower respiratory

tract having constant wall temperatures [17, 25]. As in the inspiratory

flow studies, the temperature profiles throughout the model were seen to be

the most asymmetric at the lower Reynolds number flows. This is due to the

reduced flow stream mixing and secondary flows that exist at the lower

Reynolds numbers. At the higher flow rates, near symmetrical temperature

profiles were observed.

Likewise, higher model exit temperatures were observed at the lower

Reynolds number values during these expiratory flow studies, as shown in

Figure 19. This is due partly to the increased dwell time these gas flows

*Several preliminary tests were conducted in the inspiratory flow mode
to first confirm the results of this test setup with those previously
reported in Reference 125].
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1.0
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0.6Re 2917 (Run 19)
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FIGURE 19: EFFECT OF REYNOLDS NUMBER ON VERTICAL
TEMPERATURE PROFILES OF BRANCH 1
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see while traversing the model at the reduced flow rates. Additionally, the

more dense gases will tend to have a high thermal capacity (pCp), resulting

in lower exit temperatures at comparable flow velocities than the less dense

gases. From the above recordings a bulk gas temperature was calculated at

each position as the arithmetic average of the horizontal and vertical re-

cordings.

The volumetric flow rate recorded with the Meriam laminar flow element

was used to calculate average velocities in each branch of the model according

to the findings of previous flow studies in similar branching models [17,

25, 361:

= /A1  (1)

AV1- (2)V2 2 1A 2

V 2 A 2
22- (3)

3 2.26 A3

V = 1.26 V3 (4)

*[ where

V19 V2' V3P V4 average velocities in branches 1, 2, 3, and 4,
1 2 3 respectively (cm/sec).

l A, A2, A cross-sectional area of branches 1, 2, 3, and 4,
respectively (cm

V volumetric flow rate in branh 1 (cc/sec).
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These expressions for local flows in the model branches were used due

to the consistent finding that flow in branch 4 exceeded branch 3 by 26%

during inspiration flow studies. Note that this finding is relatively

insignificant during expiration flow studies since the weighted average

inlet temperature in branches 3 and 4 is equal to the ambient temperature

during expiration studies.

Heat Transfer Coefficient Calculations

Using the recorded bulk temperatures, average flow velocities, and the

model bath temperature (used as the approximate model wall temperature),

overall heat transfer coefficients were calculated over a wide range of

model flow rates in the expiratory flow mode. Constant gas properties were

assumed during each test run based on the average bulk temperature of the

gas within the model (average of inlet and exit temperatures).

As indicated in Figure 20, the heat balance for the branching model

during expiratory flow can be written as follows (based on flow symmetry out

of branch 1):

Heat Entering + Heat Added Heat Exiting

or

m CT. + Q= mCT

Cp i p i+1

By defining an average heat transfer coefficient, h , for this branching

system based on the geometry of branch 1 as was done in the previous investi-
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gations [17, 25, 261, we obtain

Cp T.i + nDLh AT = m Cp Ti+j

where

Ti+ 1 = bulk temperature upstream (IC)

T. = weighted average entrance temperature (°C)1

V3T + V4T
3 3 4 4
V3 + V4

3) 4
T3 T4 = bulk temperatures recorded at entrances to

branches 3 and 4, respectively (OC)

AT =T - T.
w w I

T = wall temperature (*C)w

m= mass flow rate (gm/sec)

C = gas specific heat (joules/gm -OC)P

= heat added through walls (joules/sec)

= average model heat transfer coefficient based on
branch 1 (watts/cm2-OC)

D = branch 1 diameter (cm)

L = model length (cm)

L1 + L2 + L3

p = gas mass density (gm/cm3 ).

However, since

m 1 nD 2/4

and by defining

AT Ti+ I -T i

i+1 1
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the average model heat transfer coefficient can be written

= pCp (AT/AT W) • (Vl D/4L). (5)

Additionally, nondimensionalized heat transfer coefficients and

flow based on branch I can be defined as

Nu overall model Nusselt number (6)

[1 and

" pV D

Re - 1-= branch 1 Reynolds number (7)

where

K = gas thermal conductivity (watts/cm-0 C)

p = gas absolute viscosity (gm/cm-sec).

For flow in the opposite direction; i.e., simulating inspiration, it is

only necessary to switch definitions of Ti and Ti+ to get comparable Nusselt

values for flow in this mode.

A total of 21 test runs were made with flow in the expiratory flow

mode. Data from the 18 additional test runs from the past inspiratory flow

studies [251 were likewise reduced as described above.

The above expressions were incorporated into the computer program "Data

Acquisition - Lower Tract" given in Appendix I to obtain the results tabulated

in Tables 3 and 4. (A complete listing of data recorded during these tests

is included in Appendix J.) These calculated results of Nusselt number are

plotted against the product of Reynolds number and Prandtl number in Figures 21
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and 22 for flow in each direction. Figure 23 superimposes these previous

two charts to show that a single functional relationship appears

to hold for flow in both directions over the range of flow investigated.

A curve-fitting subroutine was utilized to obtain least square fits of

the data given in Figures 21-23. This routine as described in Reference [37]

gave the following relationships for heat transfer in the branching system:

14

.1 'Inspiration:

Nu = 0.0777 (RePr)0 7 26  (8)

Expiration:

Nu = 0.0589 (RePr) 0 7 52  (9)

Combined:

-- = 0.0733 (RePr)0 .73 1  (10)

The above combined relationship was derived from a data range of

195 < Re < 62,000 with Prantl numbers of approximately 0.7.
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CHAPTER IV

UPPER RESPIRATORY TRACT

EXPERIMENTAL APPARATUS, INSTRUMENTATION, TESTING

Model Description

In order to accurately assess the heat and mass transfer in the upper

respiratory tract, a geometrically accurate physical model was required.

Unlike the lower respiratory tract, the complexity of the flow channels in

the upper tract do not lend themselves to morphometry. It was thus necessary

to obtain a true likeness of these airways through a casting process from a

human cadaver. Such a model was obtained from researchers at Johns Hopkins

University, who had used similar models in the past to study flow patterns

in the upper airways [381.

The model was fabricated through a two-step process from the cadaver of

a male adult who had no signs of respiratory abnormalities (39]. First,

half negatives were made of the upper airways (both oral and nasal cavities)

on each side of the midsagittal plane using a pourable silicone rubber

compound capable of reproducing intricate detail (Dow Corning Silastic

E RTV). Its excellent duplicating qualities and high tear resistance/high

strength properties made it a good choice for this application. Following

:1 curing, these half negatives were then embedded in molds filled, by layering,

with a clear casting plastic (Ward's Bio-Plastic), leaving the midsagittal

(68)
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planes uncovered. Following cure of the casting resin, the silicone rubber

negatives were removed leaving the intricate detail of the upper airways

intact as shown in Figure 24. Following grinding and polishing of the

casting exterior surfaces, the two clear plastic halves were assembled with

machine screws as seen in Figure 25. Prior to final assembly, a thin brass

plate (0.010 cm thick) was inserted between the two plastic halves in the

region of the turbinates to serve as the nasal septum. (The thin brass

plate was chosen to facilitate heat transfer into the septum in the attempt

to maintain constant surface temperature.)

Nasal and oral openings were then machined into the assembled model as

specified below:

Nasal openings:* 0.64 cm

Mouth opening: 2.54 cm x 0.64 cm (OVAL)

Measured airway dimensions of the model (see Figure 26) to be used in

data reduction were

Trachea diameter: 1.27 cm

Nasal passageway length: 24.1 cm

Oral passageway length: 19.7 cm

*These dimensions were later modified, as discussed later, to match

in vivo pressure drop recordings in the nasal airways and those recorded in

a similar model at Johns Hopkins University.
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FIGURE 24: POSITIVE AND NEGATIVE CASTINGS OF THE HUMAN UPPER
RESPIRATORY TRACT USED FOR HEAT TRANSFER ANALYSIS
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Following model assembly, all joints were sealed with a clear silicone

sealing compound. After the model was instrumented for temperature and flow

measurements (to be described later), the entire assembly was submerged in a

well-stirred, hot water bath (approximately 375-litre capacity). A short

section of PVC pipe (3.2 cm od) surrounding the oral or nasal openings

allowed the model to be fully submerged in the bath while preventing water

to enter the model airways.

I
Instrumentation

A similar automated data acquisition system, as used in the previous

investigation of the lower respiratory tract, was used in this investigation.

However, the size limitations inherent with this model required a different

temperature and flow measurement system from that used previously. Addition-

ally, special consider3tions were made in this test setup to allow testing

at simulated depths to confirm the independent behavior of these heat transfer

characterizations with depth (as was previously done for the lower tract

model).

a. Temperature Measurements

As with the model of the lower respiratory tract, attempts were

made to maintain a constant wall temperature during this thermal evaluation.

The fundamental assumption made during this and the previous test series was

that heat transfer relationships derived from a constant wall temperature

model would reasonably represent the in vivo situation. This assumption

appears to be justified by human and dog airway temperature measurements by
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Cole 186] and Johnson 126]. Oscillatory changes in the mucosal surface

temperatures were not observed in these studies even though oscillatory

changes in air temperature were.

Unlike the pipe model, however, the thermal properties of the clear

plastic model (approximate properties shown in Table 5) are not as capable

of maintaining constant temperature, particularly when dense cold gases are

passed through the model. To monitor the status of the model wall tempera-

ture during testing, five copper/constantan thermocouples (30 gauge) were

positioned as shown in Figure 26. The junction of each thermocouple was

inserted into a small hole (0.12 cm diameter) drilled through the model wall

. and positioned adjacent to the airway. A quick curing epoxy was used to

secure the thermocouples in place. As previously described in the lower

tract investigation, all thermocouple junctions were referenced to 0°C using

electronic ice point reference junctions. Prior to subjecting this tempera-

ture monitoring system to hyperbaric environments, it was necessary to

insure that the electronic ice points were not adversely effected by elevated

pressures. This investigation, reported in Appendix B, showed no adverse

effects at hyperbaric environments up to 350 metres of seawater.

TABLE 5: APPROXIMATE THERMAL PROPERTIES OF POLYESTER CASTING MATERIAL [40]

Thermal Conductivity 1.67 x wattscm - 0C

Specific Heat 1.046 joule/gm *C

Density 1.10 - 1.46 gm/cm 3
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One Fastip thermistor probe (Thermometrics, Inc.) was positioned in the

trachea midstream, and two similar probes in the center of the oral or nasal

openings (depending on the mode of breathing being investigated) to record

incoming and outgoing gas temperatures. These thermistor probes were chosen

since their small physical size (1/8-inch nominal probe diameter) would tend

to least affect the gas flow within the model airways while remaining rugged

* enough to withstand relatively high flow velocities.

A linearizing network is built within these thermistor probes to function

within the temperature range of 0-50*C with an accuracy of 0.250c. A calibra-

tion check on these thermistors was made prior to this investigation to

ensure this accuracy. Each thermistor was fully submerged in a temperature

controlled water bath (Neslab Instruments) along with a quartz thermometer

sensing probe (HP2804A) which had been previously calibrated for the triple

point of water. The bath was successively raised from 00C to 500C in 10C

steps while recording the Fastip probes and quartz thermometer at each step.

Figure 27 shows the temperature differentials recorded for the thermistors

as compared with the quartz thermometer. Instead of the desired linear

response, the thermistors each exhibited a similar sinusoidal pattern with

maximum deviations from the quartz reading of 0.40C over this temperature

range. To obtain the maximum accuracy during this investigation, a tempera-

ture correction equation was thus utilized when reading these thermistor

probes 141]. This equation was

tcorrecte d = treading + 0.3 sin [9.73 (treading-5)]
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where: t is in °C and the argument of sin is in degrees.

The surrounding hot water bath temperature was maintained by a 1.5 kw

submersible heater, and monitored with a Yellow Springs YSI 701 thermistor.

The instrumented model prior to submergence is shown in Figure 28.

b. Flow Measurement

A laminar flow element, LFE (Meriam Model 50MW20-1-1/2) was placed

.4
in series with the model either downstream or upstream of the trachea,

depending on whether exhalation or inhalation flow studies were in process.

A Validyne differential pressure transducer (Model DP15, Ser 1083, 0.5 psid

range) was used to monitor the pressure drop across the LFE. The laminar

flow element is factory calibrated for recording the flow of air at 210 C.

Since in this investigation the LFE was utilized to record the flow of

various gases other than air at temperatures and pressures other than 21'C

and I atmosphere, it was necessary to perform viscosity corrections through-

out this investigation when reading the laminar flow element. This viscosity

correction procedure is outlined in Appendix C. The procedure as described

previously in the lower tract investigation was used to calibrate the dif-

ferential pressure transducer.

c. Airway Pressure Drop

The respiratory flow resistance in man during nasal breathing has

been recorded in vivo [42, 431. Attempts were made in this investigation to

match the resistance characteristics of this model with those recorded

in vivo, as provided by researchers at Johns Hopkins University 144]. This
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match was felt necessary due to the strong similarity relationships that are

inherent between heat, mass, and momentum transfer. A Validyne differential

pressure transducer (Model DP15, Serial 1083, 0.5 psid range) was used to

establish and monitor the pressure drop across the model nasal airway, i.e.,

between the trachea and the anterior nares. A modeling clay was utilized to

restrict the nasal passageways near the ostium internum (the nasal location

found to be flow limiting) until the resistance characteristics were met.

Figure 29 shows a comparison of the flow resistance characteristics of the

model used in this investigation with those obtained from Johns Hopkins.

Agreement within 8 to 15 percent was observed for flows up to 60 litres/minute.

This level of agreement was felt adequate due to the high variability reported

in in vivo recordings.

A view of the fully instrumented model ready for inhalation flow measure-

ments through the oral pathway is shown in Figure 30. This assembly was

positioned in a 1.2 metre diameter by 3 metre long horizontal hyperbaric

chamber rated to 6890 kPa (1000 psig). Gas supply for flow through the

model was provided by 689 kPa (100 psi) air lines for testing at the surface,

on air, and by 5.7 cubic metre storage cylinders (nominally 17,000 kPa

rated) during testing at simulated depths to 305 metres of seawater.

Experimental Procedure and Results

The upper tract test assembly described previously was sealed inside

the hyperbaric chamber to be pressurized to the desired simulated depth. I
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The chamber bath temperature had been previously raised by the submersible

heating elements to 50 to 55°C, thus providing a 30-degree minimum differen-

tial between the incoming gas and model wall temperatures (large temperature

differentials were desired to minimize any instrume_.ation errors). A Heise

pressure comparator (Dresser Industries Model 710 A) was used to control a

solenoid actuated valve (Futurecraft, Inc.) to maintain this simulated depth

during testing. Following chamber pressurization all temperatures on the

model were monitored until stability was observed. At this point gas flow

was initiated through the test model by opening a k-turn valve while observ-

ing the laminar flow element monitor. More or less flow could be introduced

through a combination of adjustments with the valve and a two-stage regulator.

Once flow had been established model wall temperatures, gas stream temperatures

in and out of the model, gas flow rate, and bath temperature were recorded

using the automated data acquisition system. This data acquisition was

initiated in as soon a time following gas flow as practical to ensure steady

flow while minimizing wall cooling.

The above procedure was repeated over a range of flow rates, at simulated

depths of 0, 61, and 305 metres of seawater, using three different gas

mixtures. The test depths, gas mixtures, and flow rates were arbitrarily

selected to provide sufficient data to map the heat transfer characteristics

of the model over the desired Reynolds number range of 0-70,000. Additionally,

four test modes were evaluated including exhalation flow through the nasal

-{airway, exhalation flow through the oral airway, inhalation flow through the

nasal airway, and inhalation flow through the oral airway. A complete

listing of data recorded during these tests is included in the NCSC Hydro-

sen
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Heat Transfer Coefficient Calculations

As in the investigation of the lower respiratory tract a characteristic

dimension must be selected for the reduction of the test data. As before,

the trachea diameter was used as a basis for the calculations of model

Reynolds number and Nusselt number. This dimension provides a common basis

for comparing heat transfer characteristics of the oral and nasal passage-

ways. Constant gas properties were again assumed during each test run based

on the average bulk temperature of the gas within the model. Gas mixtures

and their properties are shown in Table 6.

*From the model gas flow measurement a mean flow velocity was calculated

in the trachea as

- 1000 cu cm
A litre

where:
cm

mean trachea flow velocity (c)
sec

Model flow rate ( litres
sec

A = cross-sectional area in trachea (cm2)

71 D2

DT trachea diameter (cm)

The model Reynolds number, Re, was then obtained as

Re -
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TABLE 6

t PROPERTIES OF GASES USED IN THERMAL EVALUATION OF
UPPER RESPIRATORY TRACT

Gas/ Specific Thermal
Depth Density Heat Viscosity Conductivity

(mn) gm/cm3  joules/gmn-*C gm/cm-sec watts/cm-OC Pr

Air/O 1.178 x 10 1.0059 1.83 x 10- 2.637 x 10- 0.7

He/0 1.63 x 10 5.1988 1.997 x 10- 1.503 x 10- 0.69

He/61 1.143 x 10 5.1988 1.997 x 10- 1.507 x 10- 0.69

He/305 5.01 x 10- 5.2030 1.997 x 10- 1.532 x 10- 0.69

N2/61 8.037 x 10- 1.0427 1.803 x 1-4 2.637 x 10-4  0.71
N2/305 3.571 x 10' 1.0640 1.82 x 10 2.763 x 10 0.71

tFrom US Navy Diving Gas Manual [46]

CONVERS IONS

lbst 0.01602 cm

BTU 3=~ Kcal
lb- OF gmn - 0

lb *14.9 gm
-ft- -s ec cm - sec

BTU Kcal1
sec - ft - F *0148=cm - sec 0

I joule 9.478 x 10- BTU =2.388 x 10- KCAL
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where:

p = gas density (E)

cm

gas viscosity cm - sec

Next, an average model wall temperature was calculated as the average

of the five wall temperatures; three temperatures for oral flow (see Figure 26).

T 1 + T + T +T 4 + T
1 2 3 4 5 (NASAL)

w 5

T3 + T4 + T5
3 4 5T w =  3 (ORAL)

A weighted average temperature based on the surface area that was repre-

sented by each thermocouple was not attempted due to the difficulty in arriving

at the areas of the turbinate folds. However, with the exception of test runs

at 305 metres of seawater, the variation between individual thermocouples was

small (within 1 OC) which minimized the error from a straight arithmetic

averaging. The abnormality seen at 305 metres of seawater will be discussed

later.

A mean heat transfer coefficient, h, was then calculated as described

previously in the discussion of the lower respiratory tract as

PC(T (VDT)

- AT 4
= pCp( ) •a- (4T)

w

where:

•Joule
Cp = gas specific heat (gm _ ouC

, = gas passageway length (cm) (see Figure 26)
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AT = T i+1 
-T i  (

0C)

T. = entering gas temperature (°C)

Ti+ 1 = exiting gas temperature (°C)

AT = T - T. (0C)
w w 1

An overall model Nusselt number was then calculated based on the trachea

diameter as

hD T
Nu = overall model Nusselt number

where:

watts
K = gas thermal conductivity 0 wattC

cm .. C

The above data collections and calculations were made using the computer

program "Data Acquisition-Upper Tract" described in Appendix I in a total of

137 tests as summarized in Tables 7 through 10. This allowed the mapping of

the upper respiratory tract heat transfer characteristics during inhalation

and exhalation, while breathing solely through the mouth and solely through

the nose. This data is plotted in Figures 31 through 34 as the dimensionless

Nusselt number versus the product of Reynolds and Prandtl numbers. A review

of Figures 31 through 34 reveals a consistent trend of increasing Nusselt

number as the product of Reynolds and Prandtl number increase. These rela-

tionships appear to hold true for all gases and all simulated depths tested

except for helium when tested at 305 metres of seawater. With helium at 305

metres of seawater, especially at the higher values of Re'Pr, the overall

Nusselt numbers appear to fall below the trend established by the other

gases.
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This apparent discrepancy is felt to be attributable to the initial

assumption of a constant wall temperature model. Variations from this

assumption, if not detected adequately by the thermocouples embedded in the

walls adjacent to the gas stream, would cause erroneously high values for

AT and thus low calculated values of the heat transfer coefficient, h, and -u.w

To test out this hypothesis finite difference solutions for the model wall

temperature distributions were determined under various conditions of simulated

depths and test gases in Appendix D. For this idealized representation of

the model wall with air at sea level as the test medium (Biot number, h L/K,

approximately equal to 2.0), it is observed in Figure D-3 that the model

wall adjacent to the gas stream has cooled to

T -T
S- T 0.93T, Ts

after 3 seconds gas stream flow (This is the approximate time at which data

was recorded).

where: Ts is the gas stream temperature, *C, and T., is the water bath

temperature, 0C. At approximately 1/8 cm (.049 inch) from the model surface

this dimensionless temperature would be approximately 0.99 following the 3

second interval. A small thermocouple with a bead diameter of 1/8 cm (having

a calculated response time of 0.1 seconds in oil) which is embedded in the

model wall would actually record an average temperature based on the above

two values of 0.96, or give approximately a 3% error in the model surface

temperature. For the same model with a Biot number of 40.0 (typical of

helium at 309 MSW) the model surface would have a dimensionless temperature

of approximately 0.27 following an interval of 3 seconds and 0.91 at 1/8 cm

from the surface after the same 3 seconds. Under these conditions the
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thermocouple would now record an average dimensionless temperature of 0.59

for a error of approximately 119% in this parameter. The result of this

error would be to record higher wall temperatures, Tw, than actually present.

As previously stated, these high values of T give high calculated values of
w

A~,and subsequently low values of Nu for helium at 305 MSW. This error

diminishes rapidly as the Biot number decreases. This would indicate that

the data recorded with models having low Biot numbers (low values of h or

high values of K for the model walls) would provide the most accurate infor-

mation for establishing heat transfer relationships for the model of the

upper respiratory tract. It should be noted that the data recorded from the

lower respiratory tract should offer maximum accuracy since its Biot number

was less than 0.05.

Based on the above analysis, the data recorded for helium at 305 MSW

was not utilized in establishing the heat transfer characteristics of the

upper tract model. The remainder data is shown in Figures 35-38 for estab-

lishing the heat transfer mechanisms for each breathing mode. A curve-

fitting routine as outlined in Reference 37 was utilized to obtain least

square fits of the above data. Results of this curve-fitting are outlined

below:

, Nasal Breathing: -

Inhalation :N = 0.028 (RePr)0 854 (11)

* Nasal Breathing 1.080
Exhalation " u = 0.0045 (RePr) for Re < 7800 (12a)

0.585
Nu = 0.310 (RePr) for Re > 7800 (12b)

Oral Breathing N 0.804 (13)
Inhalation " 0.035 (RePr)



99

00

'Ur

-Cui-

'U U
CL
CL

'I 4cCb
0 0

*1j

4d1 w

V).
Ln L. -L

r-4

z I4



100

0 CL
CL

4:1 -~ I

* C.)

(U w



101

I-

00

*0 I-*10 ILI
U ci

0 3 LU

-cc

.
z

c,.i,
0 D Lw

*L I- c



102

4r-4

m 4i

-~ 16..

o co

'UA

0OJ LU

U 0 Z

C)

r.4



103

Oral Breathing 1269
Exhalation Nu = 0.0006 (RePr) for Re < 12,000 (14a)

N-u = 0.094 (RePr)0 .704 for Re > 12,000 (14b)

The above relationships are based on the physical dimensions and gas

flow properties in the trachea and are applicable for Reynolds number values

up to 70,000. A composite of the above relationships is shown in Figure 39

for comparison. As a rule the heat transfer characteristics of the nasal

tract exceed those of the oral tract during both inhalation and exhalation

at comparable values of Re. During exhalation, the slopes of the curves

appear to decrease at the higher values of Re.Pr for both oral and nasal

breathing. No explanation is offered for this apparent trend.

Comparative Conditioning Capabilities of Oral and Nasal Passageways

It is universally accepted that the nasal airways are more suitable for

heating and humidifying inspired gases than the oral airway. Without repeating

a detailed discussion of the anatomies of these two passageways, it is

sufficient to explain this superior conditioning capability as being due to

the relatively large surface area-to-cross sectional area ratio that exists

in the nasal passageway. A relatively large cross-sectional area in the

main nasal passage is broken into narrow widths by the nasal septum, dividing

the nasal airway into two, and further by the folds of the turbinates. With

the derived heat transfer relationships found in this investigation, we are

now able to quantify these relative conditioning efficiencies.

.. .. . . ... J
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In the following analysis a relative conditioning efficiency factor for

the nasal and oral passageways will be defined and evaluated. While this

analysis is based strictly on the results of the previous heat transfer

characterizations and does not consider the effects of insensible heat

transfer, as we will see in the next chapter the insensible heat transport

process parallels closely this sensible heat transport. Thus, the relative

conditioning efficiencies presented here should be indicative of the overall

energy exchange process in the upper airways.

Recall that these relationships were derived by defining a character-

istic diameter (trachea) and passageway length, with an overall heat transfer

coefficient calculated as follows (Equation 5):

AT f
fi = PCp (T)

w

where:

p, C are gas properties

L, D are characteristic length and diameter of passageway

= mean flow velocity at diameter D

AT = Differential gas temperature across passageway

AT = Temperature differential between passageway wall and

W entering gas temperature

By rearranging the above expression we get

4R L AT
AT = w

pC VD

where: hh= Nu K =gas thermal conductivity
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Therefore

4 Nu K L AT
AT = w

pC VD
2

p

A conditioning efficiency term can be defined for each passageway as

-:.l _ AT _ uAT'4N AL (15)

w pC V D2

This efficiency term, ranging in value from 0 to 1, indicates how closely

the heat exchange process used in heating the inhaled gas approaches the

maximum temperature differential possible, AT w . The above expression can be

used to compare the conditioning efficiencies of the oral and nasal passage-

ways. During inhalation, the following heat transfer relationships were

found for the upper passageways as

Nu = 0.028 (RePr)0 .8 5 4  [Nasal] (11)

N-u = 0.035 (RePr)0 "8 04  [Oral] (13)

Their relative conditioning capabilities can be evaluated by looking at

the ratio o/rI at similar flow conditions.

oral KLsa

4 Nuoral K Loral

ipC V D2i oral _ pp

nnasal 4N K L
nasal nasal

pC p V D
2

-- - ' .. .. " . . . .. . . .. . . . . . . . . . .. .. . . " ' " . . . .. . . . . . . . . . . . " " " '- . . . . .Ipl
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Since equal gas properties, flow velocities, and incoming gas temperatures

for both passageways are present for similar flows we can reduce the above

to

oral orl ral 0.035 (Re Pr) 080419.7

______ oral ral -0.854 24.1~
Onasal Nu L 0028 (Re Pr)0Nnasal Lnasal

or reducing further

noral = 1.022 (Re Pr) - 0.05

nnasal

and for Pr Z 0.7 (for respirable gases considered)

qoral = 1.04 (Re)-0 .0 5  
(16)

nnasal

A tabulation of these results is shown below:

Re noral/rinasal

500 0.762

1000 0.736

2000 0.711

5000 0.679

10,000 0.656

50,000 0.605

100,000 0.585
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During exhalation, a similar ratio can be derived as

noral 0.094 (Re Pr) 0.704 19. 7o e>1,0
nnasal 0.310 (Re Pr) 055 2.

0 119
0.248 (Re Pr)

or

rl
0.238 Re 0 " for the respirable gasec. (17a)

~nasal

For Re < 7800

noral 0.0006 (Re Pr) 6 19.7

rinasal -0.0045 (Re Pr) 1 .080  (24.l)

0.1090 (RePr018

or for Pr Z- 0.7

noa- 0.1019 Re 019(17b)
nnasal

A tablulation of these relative efficiency values follow:

Re noral/ nasal

100 0.243

500 0.330

$1000 0.376

2000 0.429

5000 0.5097

7500 0.5503

12,000 0.728

50,000 0.862

100,000 0.937
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Figure 40 shows the relative conditioning efficiencies of the oral and

nasal passageways during inhalation. As expected, the oral passageway is a

less efficient gas conditioner than the nasal passageway (ratio less than 1)

across the entire range of tracheal Reynolds numbers. In addition, the oral

conditioning capability is seen to be progressively worsened with higher Re

(resulting from respiration in hyperbaric environments). Unfortunately,

beyond an Re of approximately 15,000 (peak nasal resistances of 6 to 9 cm

H2 0 for all respirable mixes), mouth breathing was seen previously to be

mandatory due to the high nasal resistance. One is thus forced to breathe

through the mouth when its relative efficiency is seen to be lowest (0.6).

It should be noted that the derived relationships for oral breathing

are applicable only for the configurations of the model tested. It is

conceivable that variable conditioning capabilities can be obtained through

the oral cavity by varying the position of the tongue relative to the roof

of the mouth. The sensitivity of this variable configuration to heat trans-

fer processes is left for future investigations.

.1
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CHAPTER V

SIMILARITY RELATIONS FOR CONVECTIVE MASS TRANSFER

The determination of heat transfer relationships in the previous two

chapters has satisfied only half the necessary requirements for our under-

standing of the conditioning capability of the human respiratory system.' 1
Humidification processes must also be characterized.

Heat transfer coefficients have been determined experimentally for a

number of different flow geometries [601 by other investigators. As in the

case of the models used in this investigation, these coefficients can be

determined relatively easy over a wide range of flow conditions. On the

other hand, data on mass transfer are relatively sparse [64] due to the

complexity of experiments required to produce mass transfer coefficients.

Fortunately, however, previous investigators [61, 62, 63] have recognized

that there is an analogy between heat and mass, as well as, momentum trans-

fer processes. They have been able to use heat transfer data in predicting

mass transfer coefficients quite reliably at low mass transfer rates, situ-

ations not unlike the humidification process which takes place in the respir-

atory system. The following discussion will develop this analogy between

heat and mass transfer in the human respiratory tract, and apply this analogy

to derive mass transfer coefficients from the experimentally determined heat

transfer data. The development of this analogy will be made for steady,

fully developed flow and later modified to cover the special flow in the

respiratory system.

(111)
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Consider the steady isothermal flow of a gas, B, containing water

vapor, A, in a segment of a tube (representative of the human airway) shown

in Figure 41. We assume that the velocity distribution at plane "1" is

known, and that the fluid concentration is constant at X in the region

Z < 0 where

XA = mole fraction of water vapor; i.e., molar concentration of A

divided by total molar density of mixture.

From Z = 0 to Z = L, the wall is coated with a thin layer of liquid water

(mucus was reported earlier to be 95% water [38]) which dissolves slowly and

maintains the liquid interface composition, XAO constant along the dissolving

surface. The physical properties of the gas and liquid are also assumed

constant along this tube section.

The rate of heat transfer by conduction, Q, through the tube walls

between "I" and "2" can be written.

( 271

Q =  (K LT R dO dz
EJo r=Rt0 0

where

~watts K = thermal conductivity of tube wall Ot

condutivit wa, cm-C

R = tube radius, cm

dO, dz = elemental angle and length, respectively.
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Additionally, this heat is transferred to gas B convectively as

Q =h 1  2RL (Tw -T1 )

where

T = tube wall temperature, C

T1  bulk gas temperature at "1", C

h1  heat transfer coefficient based on the initial temperature

difference (Tw-T1) watts

For this tube segment, we can equate the conduction and convection heat 
flows

at the wall to get

1L (L2n (KT )RdO dz (18)

hI DT2 RL (Tw  T)oo (K5rrR

Note that this expression is valid for either laminar or turbulent

flow, as long as all turbulent profiles are time smoothed.

Likewise, an expression for the mass transfer rate of water 
vapor to

gas B in this tube section is shown by Bird, Stewart, and Lightfoot [611 to

bei

L 21)8 R dO dz ( 9K X1 2 7RL (X o-XA1) 3 ( 9

AO Al O

~where

KX = mass transfer coefficient, zm-moe
X1sec 

- ffi

il Al mole fraction of water vapor at "I"

C = mix molar density g m - moles

D = mass diffusivity coefficient of 
water vapor to gas, m

v sec
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Equations (18) and (19) are similar in form, with only a variation in

constants and quantities of gradient. The similarities between equations

(18) and (19) can be further highlighted by normalizing ther with the following

dimensionless quantities:

r D = tube diameter

r D

Z~jD

T-T
1w

T -T
w

x -x
- ~ AOA XAl-xAO

Following normalization of equations (18) and (19),

h D LID 27 ( _

K -2 nL/D5 ao (-:)d z (18a)

0 1
r

-

2

L/D 27D
K iD __(I a A\
C D 2 n L/D -- dO dz (19a)II v

4 o or= 1

The close resemblance between the right side of equations (18a) and

(19a) is seen to differ by only the quantity of gradient at the tube wall

interface; i.e., temperature gradient for heat transfer and mole fraction

gradient for mass transfer.
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The group of terms on the left of equation (18a) is recognized as the

dimensionless Nusselt number, Nu. This number is a dimensionless expression

for the heat transfer coefficient. Similarly, the dimensionless mass transfer

coefficient seen on the right side of equation (19a) is the Sherwood number,

Sh; i.e.,

h1D
Nu - can be interpreted as the ratio of the temperature

K gradient at wall to the overall stream temperature
difference [65].

and

KD

Sh a can be interpreted as the ratio of mass diffusivity
C D to molecular diffusivity [65].

v

Bird, Stewart, and Lightfoot [611 have additionally shown that this

resemblance can be further highlighted by observing the normalized equations

of change for heat and mass transfer in this tube section. When viscous

dissipation is ignored the energy equation for this system is written

_T I 2

Dt RePr (20)

where

Re = Reynolds number, pVD/p

Pr = Prandtl number, C p/K

and the motion equation for mass transfer is

DXAR
A 2XA (21)

Dt ReSc A

where Sc = Schmidt number, p/pDv .
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These equations are seen to be analogous. In fact, we can see that

provided Pr = Sc the dimensionless temperature and water vapor mole fraction

profiles must be identical. Under these conditions the solutions to equations

(18a) and (19a) would be exactly the same, and we could equate

hID Kx D

K C DV

or

Nu = Sh. (22)

Although, it is shown in Appendix E that Pr is in fact approximately

equal to Sc for the respirable gases evaluated in this study, in general we

can derive expressions to handle unequal values of Sc and Pr. (This development

will follow shortly.)

By going through a similar analysis as above, see Appendix H, the dimen-

sionless velocity profiles for certain fully developed flow problems can be

shown to be identical to the temperature profiles provided the molecular

Prandtl number, Pr, is unity [601.

Note: For turbulent flow, Pr = Prt 
= 1.0 must apply 1651

where

m Eddy Diffisivity of Momentum
Prt H Eddy Diffisivity of Heat

Turbulent Prandtl Number

Under this condition

hID f
- Re (23)S 2
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where

f = tube friction factor.

Equation 23 is the well known Reynolds analogy [65], see Appendix H, which

has been used for years to reliably correlate convective heat transfer with

friction factors for fully developed flow systems with Prandtl numbers of

approximately one.

A closer look at the physical meaning of the dimensionless groups

discussed above gives added insight into these analogous heat, mass, and

momentum processes. By definition

Prandtl number =Pr , kinematic viscosity (momentum diffusivity)

u, thermal diffusivity

U C ) C P

p K K

Note that if the momentum diffusivity equals the thermal diffusivity

(molecular and eddy), one would expect similar temperature and velocity

profiles within the tube section. Although data on eddy diffusivities, C,

are rare, it has been observed that &= H m is a good approximation, except for

liquid metals [65]. (This is the fundamental postulate for Reynolds analogy in

turbulent flow.)

Similarly, the molecular Schmidt number is defined as

Sc =U momentum diffusivity
D mass diffusivity

v
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while the turbulent Schmidt number is

S m _ Eddy Diffusivity of Momentum
t Eddy Mass Diffusivity

Here again, Sc = Pr and Sct = Pr implies that mass diffusivity equals
tt

thermal diffusivity, giving similar temperature and water vapor mole fraction

profiles. In the case of Sc = Pr = I (molecular and turbulent), or D = a = u,
V

the dimensionless mole fraction, temperature, and velocity profiles must be

identical for the fully developed flow system in Figure 41. This permits us

to equate equations (22) and (23) to give

Nu= Sh Re for Pr Sc 1.L 2

Or since Sc = Pr = 1, we can rewrite the above to give

Nu Sh f

Re Pr Re Sc 2 (24)

or after substitution

h I  KXI f
- == - (24a)

PCpV CV 2
p

The above relationships have been found to give reliable correlations

of heat, mass, and friction factor data for fully developed flow systems

having moderate temperature, low mass transfer rate flows with gases having

Pr = Sc 1 1601. Chilton and Colburn 162] showed empirically that the

above relationships could be applied as well to gases with Prandtl and

Schmidt numbers other than unity (they showed satisfactory correlations over

range of 0.7 < Pr < 1000) by substituting Pr1/ 3 for Pr and Sc1/ 3 for Sc in

equation (24) to give
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JH RePrl/3Nu hl-___ 1p€ v (r2/3 f
Rr13 pV () =2 (25)

and Sh _ ( (S2/3 f (26)
D ReSc1 /

3  = (Sc)6)

Due to the identical equalities displayed on the right hand sides of

Equations (25) and (26), a direct result of the above relationships makes

J = jD" Equations (25) and (26) are known as the Chilton-Colburns j- factor

analogy. They can be used to predict heat and mass transfer coefficients

from friction factor data for fully developed flow over flat plates and

straight tubes. Unfortunately, the complex flow through the respiratory

system cannot be considered fully developed. For flow across bluff bodies

or curved conduits as in the respiratory system the drag coefficients based

on total drag are seen to be much greater than the j- factors. (See Appendix F).

This discrepancy is due to the drag coefficients for bluff bodies are based

on the drag due to skin friction, and the additional form drag component.

The form drag has no counterpart in heat or mass transfer [611. However,

JH = jD has been observed to still hold for flow systems not fully deve-

loped [78]. By equating the left hand side of equations (25) and (26) to

each other, we are then able to predict mass transfer coefficients from known

heat transfer data, even for complex flow systems.

Parker, Boggs, and Blick [651 have shown that by defining KX] as
C D

the above form of Chilton-Colburn j- factor equation becomes

h D (Sc)2 /3  (27)

. .V
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Here h has the units m
D sec

The Chilton-Colburn j- factor analogy can now be applied to the heat

transfer data obtained from the models of the human respiratory tract. For

the branching pipe model, heat transfer was characterized during both inspira-

tion and expiration as

Nu = 0.0733 (RePr)0 "731 (for 195 < Re < 62,000)

From this relationship, the appropriate j- factor can be calculated as

Nu 0.0733 Re 
0 7 3 1 Pr0 .

7 3 1

jH 1/-3

RePr 1 3  RePr

JH = 0.0733 Re .269 Pr .401 (28)

This relationship is shown in Figure 42 for the branching model of the human

respiratory tract as plotted from actual test data.

The corresponding mass transfer j- factor can now be derived by equating

it to jH with Prandtl number replaced by Schmidt number; i.e.,

* I

-.269 .401
JD 0.0733 Re Sc (29)

ri
il This analogy can likewise be applied to the other heat transfer relation-

ships derived experimentally in this study to obtain expressions of mass

transfer in the upper respiratory tract. These derived j- factor relation-

ships are shown in Figures 43-46 and summarized in Table 11.
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The following example demonstrates the usefulness of the above j- factor

relationships to finding heat and mass transfer coefficients for the respira-

tory tract.

Example

Air at 300 C is flowing at a mean velocity of 9.144 m/sec through the

main bronchus of the lower respiratory tract. A thin mucus layer covers the

entire surface of airway passage. What are the heat and mass transfer

coefficients for the first three branches of the lower respiratory tract?

Solution

Using the gas properties for air at approximately 30 IC [46]

p 1.202 Kg/m3 ; p = 0.0649 Kgm/m-hr; K = 0.0220 Kcal/hr-m-°C;

Cp= 0.2402 cal/gm-*C. From Weibel morphological dimensions [27], the

diameter of the main bronchus is approximately 1.27 cm.

From these conditions

Re = PVD = 7,743p

Pr = 0.708
K

* From Figure 42, JH 0.006 for Re 7743. This agrees with Equation

(28) where j. is found to be 0.0057.
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Therefore,

h I= jH pPV/r 2/
3

m

=.0057 (1.202)~- (0.2402) Cal (9.144) - sec
gin- C (0.708)2/

hi = 0.01897 Kcal/m2 -sec-0C

hi h= 68.28 Kcal/m2 -hr-0C.

And assuming that j D = H 0.0057, then

h D = D V/Sc 2/
3

where

Sc = J
pD v

Spaulding 191 gives an empirical relationship for the mass diffusivity,

Dv of water vapor in air as

2.5
D=0.000146 TL (0

T T+441

where

T total pressure, atmospheres

T = temperature, OR

D vhas units of ft2/hr.

For the above conditions, D v 0.972 ft/vo 0.0903 m/r

andISc - 0.0649 Kg/rn-hr 2 0.598.
1.202 '#x 0.0903-
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Therefore,

0.0057 (9.144) s 07 m
D (0.598)2/3 sec

or

hlD = 265 hr

These heat and mass transfer coefficients can now be utilized to solve

for the heat and mass exchange in the first three branches of the lower res-

piratory tree. The application of these derived transport data and similarly

derived data from the experimentally obtained upper tract characteristics

will be discussed in the next chapter.

t



CHAPTER VI

APPLICATION OF EXPERIMENTAL RESULTS

In order to investigate the local heat and water vapor transports in

the respiratory system it is necessary to first develop a theoretical model

of this system in which the experimentally derived heat and mass transfer

coefficients can be utilized. Two models are proposed for this application.

The first approach, and the more rigorous of the two, has been proposed

by Scherer and Hanna of the University of Pennsylvania 185]. In their

model, shown schematically in Figure 47, anatomical details of the airway

wall are neglected and the distance between wall blood supply (capillaries

and venous plexae) and the gas-mucous interface (Ay) is considered to be

occupied by a homogeneous medium of constant thermal conductivity, Kti s (a

good first approximation). Heat is assumed to be transported across this

medium from the blood, at temperature TB(x), to the mucous-gas interface

temperatures, TM(x), as given by

Ktis

qB Ay [TM TB]

Under steady-state conditions a heat balance at the mucous-gas inter-

face at any location in the respiratory system would be

qB 
(qconv 

+ 
q1L

(131)
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where q is the convective heat flux between the mucous-gas interface and

the gas stream, and qis the latent heat exchange with the gas stream.

With the experimentally derived local heat transfer coefficients, h(x),

we can write the convective heat flux as

q = -h(x) [TA - TM].

Additionally, the latent heat exchange can be written as

q = NMw " h where:w fg

N mass flux of water vapor, moles HO

M = molecular weight of water, m
w mole

hfg = latent heat of vaporization, cal/gm

The above heat balance can now be written as

K.iAy (TB - TN) = h(x) (TN - TA) + NMw  hfg (31)

However, the convective mass flux, N, at the gas-mucous interface can be

derived from the average water vapor contents of the mucous layer and the

air stream once a knowledge of the local mass transfer coefficients, hD(x),

is obtained:

N = h D(x) [Cm - CA ] (32)

where: CA and C are the molar water vapor contents of the gas stream and

mucous-gas interface, respective, H2

MS-
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The above expressions for heat and water vapor transfer at the mucous-

gas interface are seen to be coupled at equilibrium since

CM = f(TM). (33)

Neglecting axial vapor diffusion, Scherer and Hanna go on to show that the

water vapor mass balance on a differential slice of the total airway

cross-section can be written as

V(X) dCA P(x) h W C A  (34)dx A(x) D [CM CA

where:

V(x) is the local mean airstream velocity

P(x) is the local total airway perimeter

A(x) is the local total airway cross-sectional area.

Also, the energy balance on this differential slice of the airway can be

written

V(x) dTA - ! 1 h(x) T- T )P(x) Cw MNT -NTA] (35)dx A(x) PCpA M A A(x) PCpA

The above equations, Equations (31)-(35), make up a system of coupled,

non-linear ordinary differential and algebraic equations for the solution of

local mass flux of water vapor, N; mucous-gas interface and mean local gas

temperatures, TM and TA; and mucous-gas interface and mean local gas water

vapor contents, CM and C Although specific solutions to this system are

beyond the scope of this investigation, this system of five equations can
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be solved numerically to determine the steady state temperatures, humidities

and heat and water vapor fluxes along the human respiratory tract.

A second and more simplistic approach looks at the heat and water vapor

transport systems independently, and assumes that the capillary and venous

plexae are capable of maintaining the heat load requirements of both mechanisms,

thereby maintaining constant local mucous-gas interface temperatures.

" El

The experimentally derived heat and mass transport characteristics for

S'4 the upper and lower respiratory tracts can then be used to calculate the

heat and water vapor additions to the respiratory gases as they progress

*inward to the alveoli. Such calculations can be made in a stepwise manner

from segment to segment in the respiratory tract while having the option to

vary wall temperature as we progress inward.

Treating the heat and mass transfer mechanisms within the respiratory

tract independently, we can write:

HEAT TRANSFER

Energy of Convective Energy of

gas entering + heat addition gas leaving

segment within segment segment

or

pV n p2 C T. + nDLh (T - T.) CT
1 4 p w i p 1 4 p i+I
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where D and V are the characteristic diameter and flow velocity in the

airway segment respectively, and L is the total flow path length within the

respiratory system segment.

Upon rearranging, we can calculate the downstream temperature of each

segment as

4hL

Ti+1  Ti + p D (Tw- Ti) (36)

and

MASS TRANSFER

Mass of water vapor mass of water vapor added mass of water vapor
+

entering segment to gas in segment leaving segment

By definition [60] the mass of water vapor entering through convective

diffusion into the airway segment is

= hDA (pw - Pi)

where Ii = mass transfer rate, gm/sec

h D = mass transfer coefficient determined experimentally, cm/sec

A = mass transfer surface area, cm
2

Pw' Pi = partial mass density of water vapor at wall interface and airway
segment entrance, respectively, gm/cm3 .

Assuming that the water vapor behaves as an ideal gas, we can write

P
-=R T

p v



137

and we can approximate the mass transfer rate as

hDA
m - (Pv Pv.

v w 1

where

Rv  gas constant for water
V

= universal gas constant/molecular weight of water

= 8314.3 joules/Kg-mole-*K+18.016 Kg/Kg mole = 461.5 joules/Kg-*K

T = T + 273, OK
w

P , P= vapor pressure at wall interface and entrance,
Vw 1 respectively, N/i2 (pascal).

With the above definitions, we can rewrite the mass balance as

nD2  hDnDL (D 2
pV1 4 W.+ (RT v V. PV 1 -4 Wi+

v w 1

However,

W. = humidity ratio, gm water vapor per gm dry air. The humidity1

ratios can be calculated from the vapor pressure as 1661

v. R
;W. - 1 A

i P -P. Rv

and
P
vi+ 1  R

i+1 Pt - P Rvi+1 v

where

R = gas constant of dry gas, joules/Kg-*K
g

Pt = total pressure, N/M
2
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The above mass balance can now be written

P

2 R v. hDDL
P + (P - P

V t 1

1 4 R Pt V.P
D2 R v i+ 1

1 4 Rv  Pt-Pvi+l

Upon rearranging and simplification, we can solve for the downstream

vapor pressure of each segment as

Rg B+PV1DT C
P =Pt1 4%L (37)
Vi+l [R+ R B + •g g PV1 DT

where

Pv.

B -=
Pt- V.

1

and

C=P -P
v w v.iw 1

Equations (36) and (37) can be utilized in a stepwise matter to calcu-

late the mean gas stream temperature and vapor pressure in each location of

the respiratory airway. Once these values have been obtained, the various

contributions of energy addition to the respiratory mixture as it progresses

through the airways can be determined as outlined in Appendix G.
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During expiration, the energy and water vapor conservation features of

the airways can be shown by performing these stepwise calculations in the

reverse direction. However, it should be noted that the exhalation gas

stream, having been previously saturated with water vapor during inhalation,

will remain saturated (i.e., pi = saturated mass density at Ti). Any condensate

from the gas stream onto the airway walls will result due to the reduction

in pw as the wall temperature progressively decreases axially.

The above calculations were made for typical inlet and ambient conditions

using the program "Application" listed in Appendix I. Examples of these

predicted gas stream temperatures are shown in Figure 48 during inhalation

studies. These examples show a moderate effect of respiratory flow rates on

the depth of penetration of the gas stream prior to reaching body tempera-

ture. At similar flow rates, ambient gas temperature is seen to have only a

minor effect on the depth of penetration prior to reaching body temperature.

However, it will be emphasized again that the use of this simplified model

in which heat and water vapor transport are handled independently allows

chances for significant errors to occur in these predictions. The use of

the coupled model presented earlier, in conjunction with the experimentally

derived heat and mass transfer coefficients from this research, should

provide a better predictive capability for the gas stream conditions and

* mucosa conditions throughout the respiratory system.
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CHAPTER VII

SUMMARY - FINDINGS AND RECOMMENDATIONS

Heat transfer mechanisms have been characterized in physical models of

the upper and lower respiratory tracts of humans over a wide range of envir-

onmental pressures and gas mixtures. Characterizations were made using

quasi-steady gas flow representations for inhalation and exhalation phases

for both oral and nasal breathing modes.

A single heat transfer relationship was found to well represent both

inhalatory and exhalatory flow modes for the lower respiratory tract. On

the other hand, unique relationships were found necessary for the upper

respiratory tracts during inhalation and exhalation. However, characteri-

zations of both test models were found to behave independently with depth,

so that testing at 1 ATA yielded data representative of that recorded at

depth.

From the above characterizations a convenient analysis of the compara-

tive conditioning efficiencies of the oral and nasal cavities was possible.

It was observed with the model configuration used in this investigation that

the oral cavity was a less efficient gas conditioner than the nasal cavity

across the entire spectrum of ambient conditions tested. It was addition-

ally observed that the conditioning capability of the oral cavity decreased

(141)
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relative to the nasal cavity as the respiratory rates and/or ambient pres-

sures increased.

It should be noted that the above results pertaining to the oral cavity

heat transfer characteristics and the relative conditioning capabilities of

the oral and nasal cavities can be quite sensitive to the positioning of the

tongue. Proctor and Swift [38] note that the oral airway has a highly vari-

able size and shape. They point out that it is conceivable that a narrow

airway produced by approximation of tongue and palate is nearly as effective

as the nose in conditioning inspired gases. On the other hand, a wide

oropharyngeal airway will almost certainly give negligible heat exchange to

inspired gases before they reach the trachea.

To a lesser extent, the conditioning capability of the nasal cavity

will be somewhat variable. The "nasal cycle", the observed phenomena in

which flow resistance in the left and right nasal passages appear to follow

cyclic patterns out of phase with one another, will have a potential effect

on the overall conditioning capability of the nasal tract. The significance

of the "nasal cycle" and tongue positioning in the oral tract on the condi-

tioning capabilities of these air passageways should be explored. The

inherent difficulty in constructing a physical model of these passageways

having variable geometrics can be avoided by evaluating several different

rigid models, each with a unique flow passageway geometry.

Analogous mass transfer relationships have additionally been found for

each respiratory flow mode. Efforts to relate the heat and mass transfer

j-factors (Chilton-Colburn) with corresponding friction factors, as derived
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from pressure drop recordings in the upper respiratory tract model, showed

consistently j < f/2. This finding is consistent with other flow systems

having curved streamlines rather than fully developed flow due mainly to

form drag. This form drag as described by Bird, Stewart, and Lightfoot [61]

has no counterpart in heat transfer, and thus its added contribution to f is

*expected.

In the last portion of this study a mathematical model was introduced'

to apply the experimentally obtained heat transfer relationships and derived

mass transfer relationships to an evaluation of heat and mass transfer in

the human respiratory tract. It is emphasized that such a model, which

couples these two transport processes, is important as each mechanism will

directly effect the magnitude of the other. Independent utilization of the

heat and mass transfer relationships can only be expected to give erroneous

results. Such a coupled system model should be developed to adequately

utilize the data from this investigation. Following its development the

results of its utilization should be compared with available physiological

data of local gas stream and passageway wall temperatures in the human lung.

These validation efforts can lead to refinements in the mathematical model

until satisfactory agreements are observed between predictions and experi-

mental recordings. The successful development of such a model will offer a

valuable tool in the investigation of the effects of breathing cold, dense

gases on the local conditions of respiratory passageways. It can further be

utilized in the continuing investigations of cold induced asthma, cystic

fibrosis, and numerous other respiratory ailments which plague humans daily.
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APPENDIX A

ASSUMPTIONS USED DURING EXPERIMENTAL RECORDINGS

In the process of the experimental analyses, several fundamental assump-

tions were necessarily made including,

a. The thermocouple probes used in the experimental procedure, described

for the lower tract testing, are recording true gas stream temperatures

which are insignificantly effected by radiant heat exchange with the tube

walls or gas medium, or heat conduction through the thermocouple probes,

b. Constant model wall temperatures can be assumed in both test setups

and

c. Steady state flow experiments are respresentative of the actual

variable flow situation in the respiratory tract.

At this time arguments will be made which justify the above assumptions.

a. Error Analysis for Thermocouple Probes

According the McAdams [47), the following heat balance equation is

applicable in steady state for a gas sensor when considering errors induced

by radiation, convection, and conduction heat transfer:

Qgr + Qc + Qr +Qk = 0

(145)
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where

Qgr heat flux by gas radiation between the gas and the sensor.

QC = heat flux by convection between the gas and the sensor.

Qr = heat flux by radiation between the sensor and surface

that it "sees."

Qk = heat flux by conduction between the sensor and the

surrounding walls.

Heat flux, Q , by gas radiation between the gas and the sensor will
gr

be ignored in this experimental effort. Siegel and Howell [48] point out

that heat exchange through this medium becomes significant only when evalu-

ating such unsymmetrical gas molecules as carbon dioxide or water vapor.

For all but extremely high gas temperatures (several thousand degrees)

insignificant radiant energy is transferred between gases with symmetrical

molecules through emission, absorption, and scattering.

Heat flux, Qk , by conduction between the sensor and the surrounding

wall can be expressed as

l / l l TWl

T - T

Qk = Lp + Lt  T$
IP - t

SKpAp KtA t  -0 LT 0
P7777tt11

. .. .. . .. ... . .. . .. . . . . . I . . . ... .. . .. .. . . I I
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where

Kp Kt = thermal conductivity of thermal probe material and thermocouple

leads, respectively (watts/cm - 'K)

A At = cross sectional area of thermal probe and thermocouple leads,

respectively (cm
2 )

p Lt= probe length and thermocouple lead length, respectively (cm)

T = wall temperature, *Kw

T = sensor temperature, OKs

For the thermoprobes used, Lt is approximately 2 cm, Kt is approxi-

mately 4.04 watts/cm - OK, and the cross sectional area, At, of two 30-gauge

wire leads is 0.001 cm2 . Thus, the resistance to heat flow due to the

thermocouple lead is

Lt
Rt = KtAt = 495.1 *K/watt

This resistance, in addition to the added variable resistance of the

thermal probe as it traverses the lower tract model radially, is sufficient

to prevent a heat exchange between the sensor and the surrounding walls in

excess of 0.04 watts for a typical temperature differential (T - T ) of
W s

200 C. This low heat exchange can thus be ignored in this steady state

analysis.

Following the exclusion of Qgr and Qk we are left with the expression

Qc + Qr 0 0. For example, under steady state conditions, the rate of heat

flow by radiation from the thermocouple junction to the walls equals the rate

of heat flow by convection from the gas to the couple. The effect of the

radiant exchange between the sensor and the surrounding walls on the recorded
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temperature can thus be estimated by looking at the above heat balance in an

expanded form during steady state conditions:

A(T - T) = AFsw Ea (Ts4 -T w
4 )

where

T = true gas stream temperature
g

A = surface area of the thermocouple bead

e = emissivity of the thermocouple surface

-8 2 4a = Stefan-Boltzmann constant = 5.672 x 10 W/m K [50]

= mean convective coefficient between sensor and gas.

F = shape factor between thermocouple bead and surrounding walls
sw (assumed to be 1.0)

Under a typical experimental measurement in this study, T was 451CW

(318 0K), T (minimum) is 25*C (2981K), and h can be approximated as

0.142 w/cm 2 0C 1491. Using an emissivity of 0.1 for the soldered, highly

reflective, thermocouple surface [48] we have for radiant heat exchange

_= 0.1 x 5.672 0- _ )4- 1
A "100

= 13.27 w
m 
2

The true gas temperature, Tg, can now be calculated as

2
w m13.27 -2x2

T =- + T = m 10000cm + 250 C

g I s 0.0142 w oC
2

cm

= 25.090C
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It is obvious from this example that radiant heat exchange between the

surrounding walls and the thermocouple bead have an insignificant effect

(less than 0.10C) on the temperature recorded by the thermocouple.

b. Constant Model Wall Temperture

It is universally accepted that the temperature of the mucosal

lining of the respiratory tract varies to some extent with axial position in

the airways. However, Johnson [26] has given evidence which suggests that

nearly steady state conditions are set up fairly rapidly during inspiration

and expiration, with minimal mucosa temperature fluctuations occurring over

Athe respiratory cycle. For the segmental model used in this investigation,

it was assumed that constant surface wall temperatures were adequate for

representing the heat transfer characteristics of the respiratory tract.

This was found to be necessary due to the extreme difficulty that was anti-

cipated in matching the thermal properties of the model with that of human

tissue. It should be noted, however, that this constant wall temperature

assumption holds only for the upper tract segment and the three branch

segment represented by the lower tract model, and does not prevent a step-

wise axial temperature gradient along the airway passages. By thinking of

the respiratory tract as an assembly of the upper tract and consecutively

scaled segmental models of the lower tract, each with its own mean wall

temperature, we are able to analyze the heat transfer characteristics of the

respiratory tract with axially varying wall temperatures.

Johnson [51] confirmed the axial temperature gradient in an anesthesized

dog's lung even while breathing temperate air at surface conditions. However,

he found that the local wall temperatures in the upper and lower trachea
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remained constant during rapid periodic respiration, even while being venti-

lated with cold, dense air at a simulated depth of 58 metres of seawater.

This observation gives supporting evidence that the airway walls may display

an insignificant transient temperature variation with the respiratory cycle.

The assumption of constant wall surface temperature thus appears to be

reasonable, provided the time interval used in analyzing the respiratory

heat transfer is relatively short, and periodic updating of the wall tempera-

* ture is made.

c. Steady State Versus Reciprocating Flow Systems

The experimental heat transfer characterizations derived from the

two models were obtained from steady flow processes. This approach of using

steady flow characterizations as being representative of the respiratory

process had previously been used by numerous investigators [17, 52, 531. The

primary justifications for the use of such models in engineering analysis

have been summarized by Johnson [51] from the papers of Schroter and

Sudlow 1531 and Pedley, Schroter, and Sudlow [54, 55, 56] and is quoted

below:

"A quasi-steady flow analysis of gas flow through the respira-

tory airways was considered to closely approximate the unsteady flow

state of cyclic breathing and superimposed heart-beat pulsations. The

Imperial College of London, research group argued that the boundary

layers of the airways were constantly being reformed because of the

%ery short airway lengths (less than 4 diameters) between junctions.

Since the boundary layer (6) was always developing it was therefore

considered to be thin and basically laminar in nature. As a result of
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this, 6 was considered to be somewhat independent of the axial velocity

(u) at or near the core of the stream flow. Pedley, Schroter, and

Sudlow further argued that although secondary flows were induced at the

junctions of the airways and did operate on the axial velocity gradients

observed in the cross section, the radial and tangential components of

velocity were considered to be very much less than the axial component.

This argument enabled them to apply the basic concepts of classical

boundary layer theory to their perspex (plexiglas) model. Now, Womersley

[57] had shown analytically that oscillations superimposed on a parabolic

pipe flow would not grossly disturb the boundary layer velocity profile

of a quasi-steady flow if a is less than one (1), where

= RJ

R = Radius of pipe or tube

w = Angular frequency in radians

u = Kinematic viscosity

"This statement is similar to Schlichting's [58] comment that for RJ "'

very small; i.e., very slow oscillations, the velocity distribution near the

wall is in phase with the existing pressure distribution forcing the flow.

Since the boundary layer growth is a function of the local velocity, then it

is assumed that for a < 1 the developed boundary layer at some instant of

time for a periodic flow will be the same as the boundary layer associated

with a quasi-steady flow of an equivalent velocity."

"Sudlow, Olson, and Schroter [59] noted in flow visualizations of both

ideal models and casting of the bronical tree that the boundary layer thick-

ness of an airway was very much less than the tube radius. They note that
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for the normal range of respiratory frequencies of 0.2 to 0.83 cycles per

second (cps) [5] with 1 ata air that a is very much less than one even in

regions of anticipated turbulent flow if the boundary layer thickness (6) is

substituted for the airway radius (R) in the previous equation. a would be

greater than one during normal quiet respiration of twelve breaths per

minute (0.2 cps) for airways of greater than 0.7 centimeters (0.28 in.)

diameter using the originally stated equation of Womersley. This hypothesis

of Sudlow, Olson, and Schroter [591 as yet has not been experimentally

evaluated."

"With respect to parabolic flow alone, a may be considered to be an

idealization of the relative magnitude of oscillating disturbances created

in the boundary layer to the magnitude of the steady flow boundary layer.

For nonparabolic flow profiles, Womersley defined the following relationship

to estimate the effect on the boundary layer of superimposed flow oscilla-

tions."

6( ) 1/2

If 6 is greater than one (6 > 1) then the oscillations of angular frequency

w will affect the flow profile, and if 0 is less than one (P < 1), then the

quasi-steady state may be assumed to be appropriately representative of aI
periodic flow state. For a normal respiration rate of twelve breaths per

minute (0.2 cps) the maximum boundary layer thickness without perturbation

from the periodic flow would be 3.5 millimeters (0.14 in.). The maximum

I ._____... .. .. _.. . ,..
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boundary layer thickness at the maximum respiratory rate of fifty breaths

per minute (0.83 cps) is estimated to be one 1.7 millimeters (0.07 in.).

"It shold be again remembered that these are idealizations of the

boundary layer effects on models of branching airways. The developments are

based on ideal flows, both fully developed laminar (Poiseuille) and fully

developed turbulent, in smooth cylindrical pipe. The application is to

symmetrical dichotomous branching airways that are cylindrical in nature.

The actual bronchial tree is neither symmetric nor dichotomous in its branch-

ing, and the cross-sectional shapes deviate considerably from the idealistic

circular cross section. However, the boundary layer concepts that have been

set forth provide the researcher a relevant perspective concerning the

applicability of the result of quasi-steady flow studies in bronchial tree

models." Likewise, the applicability of the quasi-steady flow studies in

the upper tract model can be similarly argued.

'I
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APPENDIX B

TESTING OF ELECTRONIC ICE POINT REFERENCE JUNCTIONS FOR USE
IN HYPERBARIC ENVIRONMENTS

Prior to using thermocouples in a hyperbaric environment, it was neces-

sary to determine the effect of elevated pressures on the electronic ice

point reference junctions (Omega MCJ) being utilized in this research,

Figure B-1. Since all electrical penetrations through the hyperbaric chamber

wall have copper conductors, it will be necessary for the electronic ice

point to be positioned inside the chamber, fully exposed to the high pressure

environment.

To investigate this condition, a copper/constantan thermocouple junction,

constructed of 30-gauge wire with nylon insulation, was placed in a beaker

of ambient temperature water. In series with this thermocouple circuit was

placed an electronic ice point junction (Omega Model MCJ). Additionally, a

thermistor (Yellow Springs, Inc., YSI 701) was placed in the same beaker of

water to be compared with the thermocouple readout. DeBoer, Stetzner, and

O'Brien [34] have previously found that this type of thermistor was little

affected by pressures up to 71 ata. Thus, it serves as a good reference for

comparison with the thermocouple circuit.

This entire assembly was positioned in a small hyperbaric chamber

(rated to 6890 kPa), and the temperature monitor leads were attached to the

(154)



155

00

LU

U.

< LLJ

Lsi z
II LuJui

0

LU

I" LU

L~ui



156

chamber electrical penetration connectors. Outside the chamber, the leads

from the thermocouple connectors were monitored by a Hewlett-Packard 3466A

Digital Multimeter while the thermistor was monitored by its appropriate YSI

signal conditioner. See Figure B-2 for a schematic of this test setup. At

this point, the chamber was sealed and initial temperature readings were

recorded for the thermocouple and thermistor.

The chamber was then successively pressurized at a rate of 60 feet/

minute using nitrogen to depths of 100, 200, 300, 400, 500, 750, 1000, and

1150 feet of seawater. Following a 10-minute waiting interval at each

depth, temperature readings were recorded for both temperature transducers.

Figure B-3 shows the results of these measurements in elevated pressure

environments.

Although both temperature probes showed a slight upward trend in temp-

erature as depth increased (due to temperature build-up in the chamber

during pressurization), the copper/constantan thermocouple tracked the

thermistor throughout the test. A maximum variation of 0.41C was seen

between the two transducers during approximately 90 minutes at depth.

Following these recordings, the chamber was decompressed to the surface

at a rate of 60 feet/minute. The thermocouple circuit was then taken from

the chamber and a calibration check made using the test setup shown in

Figure B-4. A hot plate/magnetic stirrer (Cole Parmer Model #4817) used in

conjunction with a water-filled beaker provided a boiling water source for

this calibration check (barometric pressure was 30.00 inches Hg). The

signal relayed from the water immersed junction through the electronic ice

point was monitored by an HP 3466A digital multimeter. During vigorous
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water boiling, the copper/ constantan junction developed an emf of 4.245

±0.025 millivolts, which corresponds to a temperature reading of 99.5 0C

[351. A similar check with the thermocouple immersed in a well-stirred ice

bath showed an EMF corresponding to a temperature reading of 0.1 *C. This

0.50 C maximum variation with the boiling point is within the stated accuracy

of 0.5 OC of the electronic ice point junction [331.

These tests have shown no ill effects of elevated pressures on the

electronic ice point junction, either during compression or decompression at

moderate travel rates. These results would indicate that the use of thermo-

couples, in conjunction with an electronic ice point, is an acceptable

temperature transducer for hyperbaric use to 1150 feet of seawater.

IL



APPENDIX C

LAMINAR FLOW ELEMENT VISCOSITY CORRECTION

The Meriam Laminar Flow Element is factory calibrated for flow with air

at 701F (viscosity is 181.78 p poise). The LFE works on the principle of a

gas flowing through many small, parallel flow channels in the laminar regime

while establishing a pressure drop across the flow channels which is propor-

tional to the flow rate. For incompressible viscous flow (a good assumption

in this case due to the small pressure drop encountered), this pressure drop

can be shown to be the following for laminar flow in a pipe (Poiseuille

flow) [691:

AP 128 p

where:

AP= pressure drop across pipe

q = volumetric gas flow

L, D = length and diameter of pipe, respectively

p = gas viscosity.

That is, since D and L are fixed for any particular device the pressure drop

across any pipe is directly related to only flow rate and viscosity.

When using the LFE to record flow of gases other than air at the cali-

brated conditions, the LEE can either be recalibrated with the gas to be

measured or a viscosity correction can be applied to the calibration curve

found with air as follows:

(161)
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I. The differential pressure transducer records the pressure drop

across the LFE; for this application, the transducer output was calibrated

to give a 10-volt output at a full scale pressure of 0.5 psid.

2. The LFE calibration curve supplied by the factory for air flow can

be described by the following relationship through a least square curve

fitting routine:

tCFM (actual cubic feet of air @70*F) = -0.029004 * Ap2 (inH2O) + 3.058701

AP(inHi20) - 0.008485.

3. The above calibration is based on air at 70*F (viscosity = 181.87 p

poise). The following calculates the actual gas viscosity.

i) temperature correction of gas constituents based on US Navy

Diving Gas Manual [46].

viscosity of 02 (p poise)

P0 @ temperature T (IF) = 203.29 459.67 T 0

tThis curve is unique for each LFE. Complete linearity is not achieved
due to the dynamic losses seen on entry to and exit from the resistance
element.
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viscosity of He (p poise)

P @ temperature T 195.80 *(-9 7+T6 0 4

e

Note: The above relationships were derived by curve fitting data from the
Navy Diving-Gas iaunual

ii) the viscosity of the gas mix can now be calculated as
* follows [61]

n X iPi
Pmix n1

I x. *. .
j=1 J I

where:

X mole fraction of gas mix

1 t1+(-P 2
( ~ ~ ~ J I Ih+(i

* M =gas molecular weight.

For a two constituent gas, HeO2, we have

Xe pe+ 02 j 2

HeM 0
MHeO + +t~e 2

* 1(1+ MH P1O~e 2
e 2 48 0 2 2 e
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"02 0 M
2 2) (MHe)

02 He eHe M02

'HeHe

4. A corrected flow based on the actual gas viscosity can now be

calculated as (flow inverse to viscosity):

CFM (actual) = CFM (air @70*F) x 181.87 p poise~He0
2

5. This flow can then be converted to litres/minutes

litres
LPM (actual) = CFM (actual) x 28.32 litcu ft

The above viscosity correction routine was incorporated in the

computer program "Data Acquisition - Upper Tract" shown in Appendix I

for recording model flow rates in the chamber testing.

al



I

APPENDIX D

FINITE DIFFERENCE SOLUTION OF UPPER TRACT MODEL WALL

The derivation of heat transfer coefficients from the upper tract model

requires an accurate knowledge of the model wall temperature during data

collection. The polyester resin used in the fabrication of the upper tract

model does not exhibit the thermal properties (Table D-1) necessary for a

lumped-system (Biot number <0.1) assumption, as was used in the pipe model

of the lower tract. It was thus felt worthwhile to observe analytically the

wall's responses to exposures of cold, dense gases prior to physical experi-

mentation in the laboratory.

TABLE D-1

APPROXIMATE THERMAL PROPERTIES OF POLYESTER CASTING MATERIAL [40]

"hermal Conductivity, K 4 x 10 cal - cm

sec - cmz -

Specific Heat, C 0.25 cal
p gm - °C

Density, p 1.10 - 1.46 gI> cc

A small element of the model wall was first portrayed as a plane wall,

tor simplicity, having one-dimensional heat flow as seen in Figure D-1).

(165)



166

* ~~ ~O AT---------------TS GAS TEMPERATURE

I TEPIPCRA"TUAE

FIGURE D-1. IDEALIZATION OF UPPER TRACT MODEL WALL

The heat equation in one-dimensional form is [70]

32t 1 lat
3X a3E)

where:

= thermal diffusivity
PC p

x, t, G are the space, temperature, and time variables, respectively.

The boundary conditions can be written

at x =0 t o

atx =L ht-T K3

The initial condition can be written

at 0= t =T.
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By defining the following dimensionless variables

X, OU t T T
S u -T

and substituting into the original problem statement we can rewrite the

problem as follows:

U-- --- U -

u o  Hu @ x I where: H = L

u1 @ =0.

Using a separation of variables technique [70] the analytical solution

for the above problem was found to be

u (x, e) =I sin 2 - Cos "N x e

N~l "N +sin \N' o]x2 4

where:

"N tan N =H

The first five roots of the equation for H 2 are found in Table C-1 of

Reference 70 to be

N "N
1 1.0769
2 3.6436
3 6.5783

4 9.6296
5 12.7223
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A series expansion of the above solution using the first five

terms proved unsatisfactory in meeting the boundary conditions due to the slow

damping observed in the later terms of this series. For a more accurate

solution a further expansion of this series appears to be necessary. Rather

than continuing this series solution approach, a finite difference solution was

developed under the assumption that the model wall could be approximated by a

thin rectangular slab with 1-dimensional heat transfer (a nodal representation

of this problem is shown in the figure below).

'I

Finite Difference Solution

KT. I,
06- ---

0-- -T

The computational form of the above problem statement is [71]

(u = (uxx)
j,k j,k

where: j is the spatial locator in the model wall and k is the time indicator.

- Using an implicit solution method (Crank Nicolson) we can say that

the time derivative of u at some incremental time k+O can be approximated

by the average time derivatives at k and k+l, or

(u ) + (u )
(u() jk++ jk

j,k+O
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Substituting for (u6) 1and NO~ in the above equation gives
jjk+1 j,k

(u--) -)

(u6) - x jk+l 2 xj,k (D-0)

But, from Crandall [71] the computational molecules for (u--) and
xx

(u--) can be written
xj ,k+l

U --2u +u *
(u--) = j,k j4-1,k 1)

xxj,k ()

and

4 u --~kl 2u jkl+U~~~
(u--) = lk1 jk1 j1 1(D-2)

* Ix j,k+1 l)

Substituting Equations D-1 and D-2 into Equation D-0 and noting also that

(u6) Uj k+l uj~k

j.,k+6 A

gives

U ik+1 - u k _ J-I k+l -2u + u j+l~~ + U j -~2u + u.+l
____________ j,k j+,

A6 2 (A;)2

By defining P - , the general nodal equation can be written,
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following rearrangement as

(I +P)uP P
j,k+l 2 Uj..lk+l 2U-j+l1k 11

GENERAL
NODAL

P EQUATION
0 ( - P) u jk + Puj-l,k + 2U j+l~k

In a similar manner the boundary conditions can be written in nodal

form as follows:

at x = (u-). Hu
'Ix j,k k

where j = N.

- . The computational molecules are (from Crandall)

"uN-l,k + uN+l k =-H.

and

-'N -~ k + 1 + N-I 1,k +1 = - H k~ l

Solving for u.N+l k and 'N+l,k+l from above and substituting into the

general nodal equation for j =N, we get

-P u_~ + (1 + P + Pb;H) uNklNODAL
"N-i k+I UNk+1EQUATION

AT
=(I - P -PAxH) 

11N = PINl

at x = OCk I1 NODAL EQUATION AT x =0

The above nodal equations can be expanded in matrix format as shown iij

Figure D-2 with N = 10.
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A Burroughs B70OO/B6000 series computer was programmed to solve this

problem for values of H varying from 0.1 to 40.0 (range of values expected

over the hyperbaric conditions under investigation). Solutions to this

problem are shown in Figures D-3 and D-4 at various times after the initi-

ation of gas flow adjacent to the model wall. All solutions were seen to be

stable with no oscillations. As can be seen in these figures, the wall

surface adjacent to the gas stream cools quite rapidly for values of H in

excess of 2 (estimated value of H for air flow at surface conditions).

These findings emphasize the need to have temperature monitors on the inside

wall surface during testing with the upper track model so actual wall temper-

atures can be recorded. On the other hand, these finding demonstrate the

acceptability of the assumption made during lower tract testing (pipe model)

that wall temperature is equal to bath temperature (H was less than 0.05).

i~



-1 1 172

04k IN .

I N_ E

- 4 0

04 IN1-4I

04 IN' 12 INe'

n 0.4
O0 10 I 04 1 C14

A4

04 CW I -.I C

9W I C4

CT 00..I N

-4'4

O- C14 a.

o -~ ~ Lf4 . 0 .-

0. 104 C

++

I + 9WIC

I + 04 I

+ a+ 104e

-C,



In
173

1.0 K H =0. 1

.19

I .8

.7 H 20
TT__ .6

T. -Ts 2. 29 x?109 3 H =40

.4K

.3 NOTE: FORa= 1.23 x 103 Cm C 2/SEC

.2 AND L= 1.27CM
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L

FIGURE D-3: TEMPERATURE DISTRIBUTION IN WALL WITH VARIOUS VALUES
OF CONVECTIVE COEFFICIENTS AT ONE WALL

(0=3 SEC)
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x
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* FIGURE D-4: TEMPERATURE DISTRIBUTION IN PLANE WALL WITH VARIOUS VALUES
OF CONVECTIVE COEFFICIENTS AT ONE WALL

(0= 10 SEC)



APPENDIX E

EVALUATION OF SCHMIDT NUMBERS FOR HIGH PRESSURE GASES

In order to obtain approximate values for the dimensionless Schmidt

number (Sc = -p-- ) it will be necessary to determine the diffusion coefficientpDv

for binary mixtures, Dv, as a function of temperature, pressure, and composition.

.'1 Since experimental measurements of Dv are quite limited it will be necessary

to calculate values from equations developed primarily from theory with

constants adjusted from limited experimental data. Slattery and Bird [75]

have developed the following equation for estimation of D at low pressuresv

from a combination of kinetic theory and corresponding-states arguments:

Pt D v a T b

1/3 T .5/12 1 + I )1/2(PC 2 (T c1 C2) I R2 TcJ2

where:

PC11 PC2 are the critical pressures of components 1 and 2, respectively

(ATM)

T T are the critical temperatures of components I and 2, respectively
C1' C2

(OK)

M1, M2 are the molecular weights of components I and 2, respectively

(gm/gm-mole)

Pt total ambient pressure (ATM)

T ambient temperature (OK)

D diffusion coefficient, (cm2/sec)
V

(175)



I

176

For H20 with a nonpolar gas, a and b were found to be the following

a = 3.640 x 
10-

4

b = 2.334

This equation has been found to agree with experimental data at atmos-

pheric conditions to within 8 percent [75]. It shows that D is inversely
V

proportional to pressure and increases with temperature. Experimental data

has shown that at high pressures Dv no longer varies inversely with pressure.

However, due to a lack of other data sources, we will assume that the above

relationship holds for pressures encountered to 610 metres of seawater

(2000 feet) for these estimates.

Table E-1 tabulates the needed properties for the above calculations

for gases normally encountered in diving. An estimate for the diffusion

coefficient for water vapor-air at 1 ATM and 25°C can be made as follows:

(PcPc2 ) = (218.4 x 36.4)1/3 = 19.96

(TcIT )5/12 = (647 x 132)5/12 113.44

1/2 1 1 1/2+ +- +.3-- )
1 2 18.01 28.97 0.3001

T b -4 25+273 2.334
a(T ) 3.640 x 10 ( ) 3.81 x 10

4 Tc1Tc2  647 X 132

therefore:

(I.O)D v = (3.81 x 10 -4)(19.96)(113.44)(0.3001)

vi
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Dv = 0. 259 cm2  (1.003 hr2
v sec hr

TABLE E-1

CRITICAL GAS PROPERTIES [61, 761

Molecular
Substance Weight Tc, ° Pc, ATM

H20 18.01 647 218.4

He 4.00 5.26 2.26

02 32.00 154.4 49.7

Air 28.97 132 36.4

This value agrees nicely with an empirical equation for the diffusivity

of water vapor in air developed by Spaulding [771. For temperatures up to

1093*C (2000°F) he found the following expression for mass diffusion for

water vapor in air as

D 0.000146 
T2 .

5

v Pt T + 441

where

Dv has units hr

T has units OR

P has units atmospheres

:1l For 1 ATM and 25'C (537°R)

(537) 2 5  ft2  
2

D = 0.000146 93) - 0.998 - (0.258 cm)
v hrsec
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Similar estimates can be made for the diffusion coefficients of water

vapor in other gases and ambient conditions using the critical properties in

Table E-1. Several of these estimates and the corresponding Schmidt numbers

are shown in Table E-2.

TABLE E-2

ESTIMATES OF DIFFUSION COEFFICIENTS AND SCHMIDT
NUMBERS FOR VARIOUS WATER VAPOR/GAS MIXES

'-4

Air @ 25.0*C (77'F) p = 1.83 x 10 gm/cm-sec

P, ATM Density, gm/cm3  Dv' cm2/sec Sc

1 1.178 x 10-3  0.259 0.60

4 4.742 x 10-3  0.065 0.59

8 9.388 x 10- 3  0.032 0.61

Helium @ 25.0°C (771F) p = 1.997 x 10- 4 gm/cm-sec

P1 ATM Density, gm/cm3  Dv' cm2/sec Sc

1 1.63 x 10- 4  2.12 0.58

4 6.54 x 10- 4  0.53 0.58

8 1.21 x 10- 3  0.27 0.62

From this investigation, based on the assumption that the inverse rela-

*tionship of the mass diffusion coefficient to pressure applies throughout

the pressure range of interest, we can see that the Schmidt number is fairly

constant at a value of 0.6 for the gases normally encountered in diving.

This value is pleasingly close to the Prandtl numbers for these gases, Pr

0.7; a condition which supports the similarity between the temperature and

partial pressure profiles.
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APPENDIX F

CALCULATION OF FRICTION FACTORS IN

UPPER TRACT MODEL

A convenient method of relating pressure drop in a flowing fluid system

to mass flow is through a dimensionless quantity called the friction factor,

f. This friction factor is actually a dimensionless pressure gradient as

defined as follows [65]

-dlD
dz

avg

For steady, fully developed flow systems such as conduits, theoretical

values of f can be determined by calculating the pressure gradient in such

systems from the known velocity profile. For systems in which fully devel-

oped flow may not be present, as in flow around objectsor through curved

passageways, we can define an analogous factor as

AP D t

f = L kpv;
avg

where

AP is the measured pressure drop across the system.

L is the flow length across the system.

Dt is the characteristic diameter (trachea).

(179)
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In these non-developed systems there are contributions to f owing to both

friction drag, as in the case of fully developed tube flow, and "form drag"

f61] owing to the dynamic effects of flow around bluff objects. Under these

conditions in the Chilton-Colburn j- factors, jH and jD) will be less than

f/2 due to the additional component of f owing to form drag. This is aptly

demonstrated by calculating friction factors from the data collected on the

model of the upper respiratory tract and comparing these values with the

corresponding j- factors.

From measured data of head loss through the upper tract model, Figure

F-i, corresponding friction factors are calculated for the model as defined

by the following [69]:

Dt
f( j-) (h )

where:

h = g = head loss, (ft2 /sec2 )

L p

DtL = diameter and length (characteristic), (ft)

V = mean velocity at diameter Dt, (ft/sec)

o = 32ibm -ft

= 32.2 lbf -sec 2

f =AP Dt 2p go Li-
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The above calculation was performed for data collected during nasal

breathing/exhalation as seen in Table F-I and compared with the Chilton-

Colburn j- factors in Figure F-2. As anticipated, the quantity f/2 is

significantly higher across the range of Re than either j or j This is

due to the added component of form drag to the calculated drag coefficient,

which has no counterpart in heat or mass transfer. The contribution of this

74 . form drag component can theoretically be determined by subtracting jH from

the calculated f/2 value since

f/2 form + f/2 friction f/2 total

But

f/2 friction =JH JD

The results of this comparison emphasize that JH < f/2 for any system

which flows in curved, rather than straight, streamlines due to form drag.

Under these conditions the Reynolds Analogy, i.e.

Nu f

RePr 2

will not hold. This has also been shown to be the case for flow around long

circular cylinders [61, 78]. However, as in the case of the circular

cylinder the equality of the Chilton-Colburn j- factors, JH JD' would

still hold for the respiratory system.
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TABLE F-1

CALCULATED FRICTION FACTORS FOR HUMAN NASAL TRACT

Pressure Flow
Drop Velocity Calculated

Test lb/ft 2  ft/sec f Re

0. 0.2046 8.2251 0.1396 2051.8523
1. 5.9334 17.6969 0.8744 4414.7152
2. 9.2070 22.1752 0.8641 5531.8985
3. 13.0944 26.4370 0.8647 6595.0640
4. 25.5750 37.0702 0.8589 9247.6580 Air
5. 48.4902 49.1273 0.9273 12255.4590 Surface
6. 9.0024 21.2270 0.9221 5295.3666
7. 3.4782 12.9593 0.9558 3232.8745
8. 20.0508 31.8602 0.9116 7947.9606
9. 1.4322 7.8346 1.0768 1954.4568

10. 51.9684 50.2887 0.9484 12545.1900

27. 3.6828 25.2723 1.9232 799.4052
28. 7.1610 36.6404 1.7791 1158.9975
29. 13.2990 51.3648 1.6813 1624.7551
30. 0.8184 10.9350 2.2828 345.8935 He
31. 2.4552 20.6234 1.9254 652.3512 Surface
32. 1.2276 14.5112 1.9445 459.0120
33. 2.0460 18.5991 1.9727 588.3199

34. 4.5012 5.1673 1.1404 8926.4002
35. 13.9128 9.2585 1.0979 15993.8421
36. 31.9176 13.9501 1.1095 24098.4467 N2
37. 43.7844 16.1450 1.1363 27890.0414
38. 49.7178 17.2638 1.1284 29822.6779 200 ft
39. 57.0834 18.2546 1.1588 31534.2797

54. 3.6828 2.1522 8.6278 2092.4787
56. 19.6416 13.9928 1.0886 13604.3015 He
57. 08.1826 31.7749 0.9478 30892.7691 1000 ft

.1 -.. .. .... ....
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APPENDIX G

RESPIRATORY HEAT LOSS CALCULATIONS

In the classical method, heat and moisture transfer from the respira-

tory tract are calculated from a simple energy and mass balance between

inspiratory and expiratory gas conditions. Although such an analysis gives

no information concerning the heating and humidification of the breathing

gas as it progresses through the respiratory tract, it does give an overall

assessment of the heat drain on the body through this exchange mode.

Three components must be considered when performing this energy and

mass balance as indicated by Figure G-1:

a. Sensible heat associated with the temperature conditioning of the

dry breathing gas.

b. Sensible heat associated with raising the temperature of the enter-

ing water vapor to body temperature.

c. Latent or insensible heat associated with the vaporization of added

water during gas humidification.

(185)
(185)
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QL )LATENT M)WATeR4CAM VAPOR

KM

QI SENSIBLE QSV, SENSIBLETO DRY TO ENTERING
GAS VAPOR

FIGURE G-1. HEATING AND HUMIDIFICATION OF RESPIRATORY GASES

a. Sensible Heat Added to Dry Gas

QDRMV p geCp geTe -RMV p g.Cp giTi

Where

(P A H2 0~ 144

Pg T R ,lbm/ft 3

Cp = gas specific heat, BTU/lbm-OF

T = gas temperature, OR

RIIV =flow rate, ft3/minjP = partial pressure, lbf/in2

R = gas constant, ft-lbf/lbm-OR

ei= exit and inlet conditions, respectively
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b. Sensible Heat Added to Entering Water Vapor

QSV = RMV - pgi ' W CPH2O (Te - Ti)

Where

mass of water vapor = humidity ratiomass of dry gas

Assuming that both the dry breathing gas and the water vapor behave as

ideal gases, we can express the humidity ratio, W, as

PH20 V R T PH2 0 R

V P R
RH20 T Pg g 112

However, since

R Ru/M and P OP
H20 v

where

M molecular weight, ibm/mole

Ru = universal gas constant, ft-lbf/mole - *R

= relative humidity

the humidity ratio can be written as

OP v MH20

W= PAP *v N 1PA -
gPv Mg

c. Latent Heat of Vaporization

As the respiratory gas is being humidified, latent heat is being

added according to the expression

QL = RMV • pg • (We - Wi) h fg
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where

hfg latent heat of vaporization, BTU/lbm

As previously shown, this expression can be simplified by using the

definition of the humidity ratio to give

P - OPv
"H20 Pv e-

• * e 1QL = RMV • pg Mg h hfg PA OP.

It was assumed above that the expiration gas was saturated with water

vapor.

Gas Properties

It should be noted from the above expressions that it is necessary to

be able to measure or predict the following quantities in order to calculate

the total respiratory heat losses at given inspired temperature and respira-

tory minute volumes:

I. Expiration temperature.

2. Vapor pressure at inspiration and expiration temperatures.

3. Gas mixture properties (molecular weights, specific heats, gas con-

stants, etc.).
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a. Expiration Temperature

Several investigators [3, 4, 6] have proposed empirical

relationships to predict expired temperatures as a function of inspired

temperature. Among others, the following have been proposed:

Te = 24.4 + 0.32 Ti (Goodman [4])

Te = 29.3 + 0.09 Ti + 0.004 Ti2  (Hoke [6])

Te = 29.0 + 0.2 Ti (Webb [3])

Each of these expressions was derived from similar experimental trials

in which Te and Ti were continually monitored at various hyperbaric environ-

ments. During each of these investigations the results at preset conditions

were evaluated and their results extrapolated over the range of operational

conditions that a diver might see. It is interesting to note that each of

these investigators observed no significant variation in expired temperature

over varying depths of exposures, respiratory minute volumes, or exercise

levels.

b. Vapor Pressure

Values for water vapor pressures at varying ambient tempera-

tures are found tabulated in any table which presents the properties of

saturated and super-heated steam. However, for calculation purposes it is

desirable to be able to express vapor pressure as some known function of

temperature. Smith, Keyes and Gerry [67] offer one such expression as
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218.167 X 3.2437814 + 5.8682610-3X + 1.1702379-10-8 X
3

logl0  P T -v I + 2.1878462-10-3 X

where

X = (647.27 - T)

T has units of degree Kelvin and P has units of atmospheres
v

This expression can be solved iteratively for P at any temperature for
v

use in the respiratory heat loss calculations above. As shown below, this

above expression shows close agreement with tabulated values of P .V

Saturated Vapor Pressure, PSIA

Temperature, OF Steam Tables [68] Smith, Keyes, and Gerry [671

35 0.099 0.099
40 0.122 0.126
50 0.178 0.179
60 0.256 0.259
70 0.363 0.365
80 0.507 0.506
90 0.698 0.699

100 0.949 0.947

c. Gas Properties

Due to the narcotic effects of nitrogen and the toxic behav-

ior of oxygen as depth increases, it is necessary to alter the respiratory

gas mix of divers at varying depths. This mix variation will affect signifi-

cantly the pertinent gas properties which are necessary to calculate respira-

tory heat loss such as specific heats, gas constants, and the apparent gas

molecular weight.
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The specific heat of a mixed gas can be calculated as weighted average

(weighted by component molecular weight and percentage of mix volume) of the

specific heats of each component [66].

C C

Xa • M a • Pa + Xb • Mb Pb +
Pmix Xa Ma +Xb Mb +

Where: a, b, etc., are the components of the gas mix, and X is each components

mole fraction.

In a similar manner the gas constant of a gas mix is calculated as: [661

Xa Ha a+Xb Mb Rb +
R .=Rmix Xa - M + Xb -%b+. •

And finally, the apparent molecular weight of the gas mix is calculated

as:

M = Xa • Ma + Xb -Mb +
mix

Using the above methods and expressions for the mix gas properties at

inspiration and expiration, the total respiratory heat losses can be calcu-

lated for various depths, inspiration temperatures, humidity levels, and gas

mixtures as:

QTOT QSD + QSV +L

A Hewlett-Packard 9830 Desk Computer was programmed to calculate respira-.4 tory heat losses using the above methods (a program listing called "RHL" is

given in Appendix I). A plot of typical results from this analysis is seen

in Figure G-2.
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Observations

As previously known, respiratory heat loss increases nearly linearly

with pressure due to the increased gas density. It can also be seen that

latent heat, although approximately constant with depth, plays a rapidly

diminishing role in total heat loss as pressure increases (latent heat 70 to

90 percent of total at the surface compared to 6 to 18 percent at 30 ata).

The humidity level of the inspired gas plays a relatively minor role in

the total respiratory heat loss at low inspiration temperatures. Conversely,

the humidity level of the inspired gas shows a significant inverse relation-

ship with respiratory heat loss as the diver's gas temperature is elevated.

A comparison of the products of gas density and specific heat for air

and a 79 percent He/21 percent 02 mixture shows that air would consistently

cause a higher heat drain on the respiratory tract than its He/0 2 counterpart.

The high heat losses associated with heliox mixtures at elevated pressures

would in fact be surpassed by air, if air were a breathable mix at high

pressures.

i



APPENDIX H

REYNOLDS ANALOGY

. The transport of momentum and the transport of heat in a fluid can be

a 'shown to have similarities under many conditions. This observation has led

to a useful means of determining the heat transfer characteristics of many

fully developed flow systems from available friction factor data, a method

referred to as the Reynolds Analogy. The following gives a brief derivation

of this analogy.

As a first example in this derivation, we can look at the simple case

of flow over a flat plate (assume constant properties, no viscous dissipation,

and no buoyancy forces). Under these conditions, the momentum and energy

equations for laminar flow can be written [651 as

-a - au 1 a2u-
u - + 1a- (H-I)

and

u - + U - =-~ -2 (H-2); ax ay Pre y

where

T-T
u w x

(194)

L -
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!Y T, V

j X t. uTO

At the wall (y 0), u = T 0; and in the free stream (y =

u = T =1.

The above two equations, having the same boundary conditions, will have

identical solutions for the dimensionless temperature and velocity profiles

provided that Pr = 1 in Equation (H-2). Under this condition we can equate

these dimensionless profiles at the wall to get

a wall ay )wall

or in dimensional terms

L L (H-3)

Tc- Tw "y wall au ) wall

But we know also that the heat flux and shear stress at the wall can be

written as

q/A h(T- To) -K( l H1-4)

LA
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and

T u )a (H-5)lwall B ywal

By substituting the temperature and velocity profiles at the wall from

Equations (H-4) and (H-5) into Equation (H-3) we obtain

L h(Tw- T)] L [TwallJ
To Tw  K " L Pill"

or

h W (H-6)

A dimensionless coefficient of drag is defined in Reference [69] as

C Drag/Area Twcf : Pv k:

Substituting this coefficient into Equation (H-6) and solving for the

convective heat transfer coefficient, h, we can obtain

Cfh = - (OVCp) K
2 P P(

''J P
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However, since VCp/K is the dimensionless Prandtl number which we initially set

equal to 1, we obtain the form of Reynolds Analogy

h C f
h - (H-7)

pV'Cp 2

A'i where the dimensionless group, h/pVCp, is the Stanton number.

r.

In the case of turbulent flow over the same flat plate the Reynolds

Analogy can be shown to also be valid provided certain other conditions are

-1 met. Under turbulent flow conditions the total shear stress on the fluid

is made up of the molecular stress shown in Equation (H-5) and an additional

stress due to eddy currents [651

teddy 8u

P M Oy

where: & is the eddy diffusivity of momentum

u is time-smoothed velocity

The total stress can thus be written as

total = (v + )u (H-8)

where v = = kinematic viscosity or the molecular diffusivity of momentum.
P
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Similarly, the heat transfer relationship given in Equation (H-4) must be

modified to include the additional turbulent flow component as

3T
(q/A)total = - (K +

or

(q/A)tota
1

(a + ) L (H-9)
pCp H ay

Kwhere: a = R- = the thermal diffusivity of heat (molecular)pCp

H = eddy diffusivity of heat

T is time smoothed temperature.

Kays [641 notes that, with the exception of near the wall where the

flow will be laminar, the eddy diffusivities (&M and F1H) will be much greater

than their molecular counterparts. Also, unlike the molecular diffusivities,

the eddy diffusivities are not fluid properties, but they vary with the flow

parameters and from point to point in the flow stream. However, the funda-

mental assumption made by Reynolds was that these turbulent diffusivities

are equal at each point in the flow, or

.&

-it &
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By defining an analogous turbulent Prandtl number, Pr as
t

Pr M

t F,

we see that Prt = I in all cases based on Reynolds postulation. Thus,

as long as v = a (Pr = 1)

and the dimensionless, time smoothed temperature and velocity profiles will

be identical. Under these conditions the equality given in Equation (H-3)

for laminar flow can be made at any point in the turbulent flow stream and

the previous results, St Cf/2 , will still apply.

fi

'U - "II ~



APPENDIX I

PROGRAM LISTINGS

Program Language

Data Acquisition - Lower Tract Basic

Data Reduction - Lower Tract Basic

Data Acquisition -Upper Tract HP

Application Basic

Finite Difference Fortran

RHL Basic

(200)
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DATA ACQUISITION: UPPER TRACT

205

0: ",'RHT3,'RESPIRATOR" HEAT TRANSFER TE"ST ,1l22:,- D:
1: dii, DC:', 15,JMES.9J,F7[),B[3)iN[4iH$ 12'],T$ 16, A$[65].F 1].AE2).B$[ 3)
2: dii G$2 1 ) 2L$E :9).:$[65),Z$E ]) E[3) Vt[2]. W[2).:..]YE2), PC 50)1 Y$C8]
3: "RESPIRATORY HEAT TRANSFER TEST" A$;1.274F[1P 1.27F[2; 20-F[3
4: "20 CF-#L-3,961":-.008485 E[11;:..058701lE[23;-.02004-EE3J
5: 1W
6: f xd 0;.:3et k "PR GIV";'.rt. 9, "ul=12";i..rI 9, "IlG"
7: ent "'SFecific Heat C '",F[4]
8: ent "Densit.' F'?"qF[5];ent ""i--.,.osit. y u?",F[61
9: ent "Therumal Cnduct ivity K?",F[7)
10: ent "Depth. B[ 1 ,"N202 Gas Mi-x in %- 9.0<l.0,",H$;v,. 1',HSC6',E-]
11: ernt "Flow.. Direc.t.nr?., Inhalat.ion o:r Exhnloat.iorn",F$
12: ,B[1]*.44443'+14,6'6).y14.696*8[2];f'it. ;wrt. 722,"F1R7A1HOM3T1"
13: "SCAN":ent "W--ant Tco Check Scan Poi nt s?",G$
14: if c.a,.GtC 1,"1 )="N"";o 'STATIC"
15: f it 1! f3. 0;en.t "What , Scar Point.?" 9 ::,:; ,rt 709,"C" ; A,.irt 709.1!::.: ; t ' .LAll
16: "STATIC" : f 3; ent "Want To Record St at. i c. Run'?" , B$
17. fri t ;''lrt 722 "R4TI"' if ccno,,:B$ 1 9 1 ] N=" ";.:to " "
1': for I=1 to 2;f,'t lif3.0;lrt 7091.. I-1;fmt ;kdrt 722,"T2T:.";tr. 722
19: red 722,AEI).;f:d 3;prt A[IJte:t I;sp c. 2;hto "STATIC"
20: " t: ;et "File N'a,'ber":F.tt F.,Z$; "b"-Z$E 1 121: "'STR T":f ,t ,.,rt. 709," OE"; .rt ',-..T1R3";.,rt 9,"'"; red 9,T$;.-b "LBL"

A2: ,'P. -ta rt Gas Flow and Press Iont. ";st
22: "';T"f o t 1=1 t c iirt 722, "RTT2T3" art 709, "00E" t r. 722 re d 722,] : 1I
24: ,. rt T0 , 2E "t r- 722; red 727'q DE . D J_.00CO+D.J9:J;tiECJ,3J4T

;'9 : ' DE I 1 Cl I 1): 1 .385-9D J, 1); EE 3 )*D[ I, 1 'T2+EE 2 1*D1 J, 1 )+EE 1 le*D[ J J 1 )
2 " .. . .r1 S D r .I 1 * 2:'. I2 D I 1 ); f:, 2; ds , "FLOW " , I J, 1)
27:, i f nocT. fl1..3 1;..:3tc, "S;T "

i12e :Au *s.±-**TES.T IN P.GE-*+***
2, I ":4 : ':V " :. f*-. l 1 frit1. , ,.. 1000la; )r t 9 , "I_1 I"

30: "LOOP"for W=1 to 2;f'::.::d 6
31: ,.rt U 9 U ,"I re d 9 ,DE W, 14 ]i; wrt 7-2'2, "T2T2 'lfor I=1 t. . 2;, t 1 ,t: -:I.u
:32: w. r t. 709 1 9 1 fI t ; t r. 7 '22- r e - 72 D , I ;D F n e:.:: t I fcr - :I = 2 t i:3
-'3: f t 1 f 3 . i r t 709. 1I I -;f t  r.g 72' 22; r ed 722, D C W 9 I 1 ; ne:t. I
34: f'r I =1 to 2;DCW . I]-[ I ]D[W 1T];re t I
:35: tC 14,p1 1* 1 .:3854 [ W. 1 ); D[ W, 2 1*1. :',5+2. 544D[ W 92) ; D W, :1=: )*100-4 D, W )
36: ,:DW 4]*100 -:s 2>/1. tD[W,4;f, I=5 to 7
3 DE , I) lrI DEW ,' I JI-i n c::::It I
38: ft r I = to , d- ;' in ,: - '+tD[ , I ] ::, )!'1EW. J
39: DC E . I ±]+.: ,' ] [EL , I, 1i 9 :D.1: t I
40: t ', r I = :t 1 M W I 1LI004D[ W i ]
41: 32.15943+D[l.9 I ]46.:3'.'-59'.a-D f I '+it .1 0 1 :-15-D W.,I ]
4 2 : (. DE W 1 ]-3::2 ): "'I . 3-4D1 W N, 1 ]; nce::.:: t
4: EE :J 'f o r f io 1 t :L,. -iti,"E1[ W, 1 ]+EE J] ,";e i K;I-KD[ 4J, 1]
44; '[ 9 I: -T :. ' I ,.'I- D 1 .. 1 ]* + D[ W, 1 .
45: FE[: F 5 ] DE.1 1) FE 1 :,,: 1000.."- i.)F[ 2' 1F 61E L,1[ . 1 ]
46: 'DEW 10]+D ,. 1 . 24+ CI[ : P 'DE+1+12-: .:34M[1W.P2]4
47: Wt " ]+D[ W 6, j. =",i," W 5 ,. D-C W , 7)+D1 W,1, -). ."24r[ LW 4 3

- 4': if* M I , =" I " ; L.1 , :2]-ME [ 14 -3 ] ME W, 5 ];,EW, r -1IW, 4 1 1 -r 1 [ 1-, ]
",4'9: 1if" 00.P F$[1I I]I:- = "E ";rMI 1.92 1 MC W, 4]1 [ 1.195]; r114 1411 W 9 4 1.4M W

50 FE 5 >[0 [4 ]4,: MC W 6 M. + ,W, 5 ' '-': DE W I ].-F[ 1 34 : 100 60.:, *FC 2] , 4 +F I -41t .l , 1
5 M[ W. ' '1F 2 1..."F[ (I ]FE9 [ W, , 89; f j:::- D
52: fc:,r I t. o 14; t 1b , I r4r I . t I r14.1 rl i i0-. r J4
5 7:.: t ','it 1,13.f5.1,If 5.2

S54: . .t i I . r 1 * ' . 4 .3 . r .r ". 7 :, t- r r r i I, r 12, tr 1 1: 4;f it f.i t r.

ME55: I LW 1 I I , E M I, ,-t t 1-,
5p-. I 1 oti ? ttl ,i'rt -'. t "t 5.' 1i. . , I t
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a7 rt 99 "UI%''lred 99 r0 if rO<DEW,14 ItISOOC; ie 0
5$: r0o4DEC W P 14]; n e xt W; fPi t 3' r 6; f mt
59: for 1=1 to 4; bees; dsp "*****TEST COr'PLETE*****" uait 5%; nextI
SO: c-nt "Want to Record Dat a'" cS; if oap oGSE1! 13)"N";o 2
61: open S913;0tZasgn :%,1,IOZ;sprt 1,DE*J,BE*J,H$,T$,A$,FS.,t'1*),"tnd"'

64: 20~ 3. ' 4 5 9. 6 7T ' 5t9 6 7'4T. 219 lfVIl1 17 5. 8 8*OA 459V 6 7 +YT *29% 6 7)1. 7 4 6tnL 2

66: 0'S;I/ 8(IWE 1 +~;o 4rW V[ 'a.] 121' 14 1~ 9]' 1 ]; lE.] (H2 5, ).'X a']YI

67:h I 'r(O' 1+WE 2] WEtI 3'*t 1+r(VE2P'9E I ]:'*Wf I INW2])t.25)t24E2']
68: XC 13 *4 'Jf 1) 3 ifY 1 ]3 E X ] 23 XE 13 '+ XE121* VE1 [2'E* Xf 1 ]+X1E2 ],4S

701. RED :fmtwrt 72, 0RAOT23'lfor K=1 to 501tr3 722'; red 722P'EL3;ne:tk
71: 1.j t 722 "Al ret
72a: " LBL " : f xd 0; fnPt 3lw r t 6; fPit ; i f c .p ( F $E 11 ))I'I 1 041D1 W, )
7 3: "" 4YT$ " Gas 111x41202 "47$E 1 ,a3;S+7Ea'4,39J
74.."" ,7$Eleri':$)+l,S0]; "Temperature in Deg. "+YSC40,59];!"C' 4Y$C60,60i
75: tot 'drt 69 7$; f>rd 0
76: ' Data File N.-7E.4

77: fxd 0;Z$47$E25,39);""&'$El1en(''$)+1 ,80] "FSW="±',E 40,4?]
78g: st r(BE 1 J)-t7$E4448]; fmt , '.rt t.U7
79: ""75' 1 Supp1:y Flow(Alpm) "HSE 1q392
80:" -4YSfle&'Yr'$+&,803; "D2= Model Press. (cm H20)"-*'g'540,4J;tt ;iart 0K~'
81: "'.+71 ". D3= Supply' Ga~s Temp. i F" -*Y$E 1 p39]1
82: ""QSElen':"U'*V803;"D4= Bath Temp. "4tY$E40,693;fmt
83: 'art 6, P7Y$ " "4%; D5= Oral, 01 GAS Temp'. t$E1 K 9
84:" -+SE len(YS)+V8S03;"D6- Oral V2 Gas Temp. "+Y$E4$wGO3!fmt ,wtt QUy
$5:" -+751" D7= Trachea Ter'. #1 "'E139
86:" -4Y$Clen':YU%+1P803; "D8 Wall VlTemp."4Y7$40,63;fmt ;..rt R,7$
8'7""US;" D9- Wall #2 Temp. "<4SE 1!39]
3$: ""+Y$Clen(Y$)+1,803;"U1@= Wall #3 Tenp.".''$E4064]
89: fmt ;''rt 69Y$
90: "..+$; ". D11=Wall #4 Temp. "<SE[ 1,P39

* 91:" ''SE len'. 7% +1,80]
92: "D12= Wall#5 Temp. "+Y$E405673;fmt hart 6,5S
93.." -475;' "V13= Trachea Temip. #2 '"<E 1,391
94: "-Q$CElen<'YS>+V180]; "114= Time into Test (mn "+SE 40O 65]; fmt I 'rt SPY7$
95:47%+Y
96: ""US "'r'$," I P(1 101; T$E 12>7SY111, 12)1;'K 4'14E 1:3 13]3
97: TSE4,5]'*7SE 14, 15) "x"+7$E 16,l1];"81" 47Sf 1739)
98: FS.7$E48,o50]3; "Cycle"4Y$S(51,B$];u wrt 6,''S; f Pt ;hairt 6; " "K7
99: " Il "USE 1, 5]3;" '2"4'Y$E 6, 1$ 3; " t:3"-Q7$[ 11 P151; " D'4"YE 16,20]I
10$: " DS"47521,25]" D6"+7SE26,:30];" t17'SE31935]
1011 D8"Q''C36P403;" D9"4Y$E41P45];" D10"UtSE46'50]
102: D11"Q''S51,55];" D12"-tYSESE,6$];"' l1*3'*7Sf1q65]
103: D14"4'r$f66P70];fmnt ;art 6o7%
104: :grt PIrel
105: "?":ent "Wanrt to Corntirnue Data Col11ect ion'?", ; ;if cax 'GSE 131] ="N"; qtoc

*106: F+1Qstr(F)Z$"a"<$EC1'1)cll 'LBL'1,to "
107: end
+31143
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10 DIN Nol :,
P" uIH S], LE 25]PP25)! E25) E25]H[525- [ JE125]
-:0 DIM HE25],W[25]TE.._,CES],FE25hFl.J2-

50 FOR I1 TO 24
60 REM W': =ALL TEMPERATURE
7 v REM VALUES ARE F:EAD IH METRIC UNITS; i IN 'Mi, L IN CM, iM 1 N DEGC
-i READ DIE I h LE I , KI ]
90 NEXT I

1110 TI S p "FINLET TEMPERATUE C)";
120 INPUT TO
130 I '.F- 'INLET RHQ'.;:=";
140 INPUT HI
150 I -F' HNUMBER OF FUH!:',";
160 INUF'IJT H

i80 REM IHE FOLLOWING CALCULATES SAT VAPOR PRESS OF INLET OA!:-,1'90 T3z=TO+27:-
200 ::'1=:'47.27-T:'

210 =3.2437814+5.86 : 26E-0--,*:+ 1.1702379E-1.*: t .3
220 Y= Y '1+2 1?-462E-0-3*:::: ,),*X..T3
2:30 P'2-0.005
240 )1 -LD (2 : 1. i F2
250 IF Y1 -Y THEN 2,'0i
260 GOTO 2:9 0

270 F2F2+,0006
28::0 GOTO ?:1 40

0 F -" 14.f,"
300 REM F4 IS THE HF'' PRESS OF INLET CH:-; IN PSI
310 F4-F2*HI 1100

330 REM THE FOLLOWING CALCULATES SAT VAPOR PRESS AT MEAN NASOFHARYNX WALL TEMP
:40 DI-P "MEAN NH:-;PHF',"H2 WALL TEIIF'(C::";
350 INIIUT L13
360 T W = +. : -,
3]70 X::=6_47.2,=,'T._
3-0 ",=32437814+5. 86:26E-0:1*::::+1 . 17023?9E-0-*Xt3
3'90 '= . 1 + 2. 1:37:462 -03*:::: , -:
400 F 0.005

410 " L T:21 - .167"F'::,
420 IF ' THEN 440
4:30 GOTO 460
440 F P 110016450 GOTO 410

460 FF.3 14.7
470 FEN F3 IS THE SAT "VAF'L'P PF'ESS AT [MEAN 'ISOF'HAF'i'N:: RLL TEPIF,:.F - 1:r t 4::04 Ii F1. - +--'** +* ±r ±r+t**4±trt ± + ++

49?0 F' 1 .:. 1415'?
500 F OF 1-1 Ti' H
59i Ti'F' TEF[H :FN"
520 IIFUIT Al

J41 I-F' ""'; - 1 'TIE FVH"
590 INPUT NI$
b60 F INT rABo "R 'FPi RATOFI'Y HEF ,' ,'RAHA -;FER:";N$

F F II TAE I10 .. .. . . . . . . . . . . . . . .
5 FF [ NT
AA-iA: I-Fl t 1 i 2' .EF
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ElLH ILL] -.--3

6 r E:,-T L
.40 REM H5=LRTENT HEHT OF VAPO: I ZAT 131 HT 90F (CRL."GM')
650 H'7. 8.6
660 RE M RO=DENSITY ,:H"M't:)
670 r EM MI -,,'I' ' TY ,KG ..M-SE,
I. 80 REM F'9=PFRNTL NUMBER
6L1 REM FKI=THERMHL -:OfBlUCTI',,'II",' KCLAL .EC-M-r:'
700 REM C:-SPECIFIC HEHT ('I L'.LG-C)
711 READ ROMi.F lF",,2
720 DISP "GAS MI:.*HE, %02,.'.H'"

0 INFUT GUi 'LG 3 ,G4
40 FR I NT TAB5 " IN1SPF ERTIN H GAS: HE =" I,"TE MP <.': T=0
6- FEF.INT TAB5 " L G2 ,"RH.'. ="HI
6 0 FRINT TAB5, " % N2="G3, "',P'('PSIA'."P4" 77~~~r -' 2 (,].i00'*: 4.0 E-:+(,2 .. 110 )* 32 + ,:2G ?,lO) *28. 016 +" G 4 '..100 '±*44. L11

7:3 . REM 2 IS THE GAS CONSTANT OF GAS MIX (FT-LBF.. LBM-R.','17 9 0 R .. = 1 5 4 4 ..M 2

Siw H0=-i 6 * 6.P4. "12* AlI -P4))
10 PRINT TABS', .C't2= " G4, "H RATIO(GM -,GM '=" N.)
0 FRINT

40 PMI= N.00001

H 1 1=K .00001
*,-- REM RI IS IN LITERS"- PER MIN

L0 R 1:=20

H RE M ',=SE.S I BLE HEAT LOSS OF GH'E. :L SEC:
- H' EM 1'i=SENSIBLE HEAT LOSS OF E.TE.IMG H20(CAL. ;EC

'-in FE 0 '2=LATEN T HEAT LO0SS O F ADDED H2' AL ".SE

' 0 FOR _ti TO 5
RI FF1NT FABS. "RMv ,LRM)=" ; 1

'4H FR INT TABS"-----
9 50 FREM*** ******..** '
9' R E M THE FOLLOWING CALCULATES HEAT MASS TRANS COEF :F UPPER TRACT

7 0 [ SP "UPPER TRACT CHAF RCTEE IcTIC DIF',LENGTH (CM.,"
980J INPUT I'1

'E9 0 U'60*4*100>':PF 1 1:
1111. OFe ':4 = H '.t * ' ) ': :1 . "11 * iI.-0051 '
1010 :5= 4 *F'9

1020 _= '. 0733F' t0. 401 X4'
I n -0 I:._= P 1 -: :':3 -...' 1 C't'IO ., 10l
1040 :2 : 0 ..':R0 .-. - 1
105¢1 PRINT
1i 0 'I T04 I .- +: +4 0
1070 c2= O O U 146*" 1't 2.5...< A 1 14. 7' 2,:i+441),

; ~~~ . 03-, 0-'"- 0P 2 5"=
1I 9 U : t1 .o ,:M I F:O-Z2 :

, 1100 74= _I*::3."~ 0 6 7

i I r; . 46Z4*3* i6.O? I. '"'K RO*2-*KKI CA I P4,

11- 0 ' P -P44
4- .1 +' P4.P4.4.I ~~114H E'EM" rrr±±±±± **- ... '*4* * *

4
,*+%±A'."'±+ ... - 4. '-- i. 4 ,, *..4± .. ?. -***+ ,**±*y .4..

I 150 REM Il I S RE'.]FI Fr I OF'' ti I MUTE V4LI .ME IlH LI TEE'S PFE'.SE
1160 1-=F'1 60
111 RT EM THE TEMF', ,','' HEHT TRANSFER IP [I0 TF'ARI.HEA FILLOW
1 - 1( :T +. [ II'W T , I-'
I'i40 V(13I I H I +-Z 6 2 ]-- F2-,Z+ 5H'

iLLILI ~ ~ ~ t Ai I. Ilr'i M'A.21j
1 .24 'i Ets I+- TI 1 J TO,
1 2, i' 2 ~ -iLJ -- 13 I 10.;',

-,I r' 'H U 'F'i si 4E,', 1IPF'F. t - T TRHtl'.F' F'l H. 4i - EVI'. I I

, 'I ,'t ,, TA II ''IF I I I III . II IFHII '.FCF .I"fv~ R 1 4
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1260 PRINT
1270 ii- IH [RE. "F H HDi , low'
12 0 PINT TE:1," EC L"MT ;EC-C CM ;[' . F",1H :HL. SEC
1290 'FINT
1300 WRITE - 15, 131 ::4. Z4, T[ 1 .- I I, IQ:
1310 F'RFMT F10. ?F1u.3:F1022Fl.e:
1 LI1. FF114H

1 39 FFIH-
1 340 FF I H I TTC LIFE F' T 1FNF OIF' TF: V i-:H : TEF' I T IC';
1 .r. l H r
13:-60 A:Q

1.70 FRIN[ TILQU7,"BFoM'H FE H I' ['fl.. 10 P 'i
1380 FFINI THE , "HF1,EF' N[',E'Ej' [Ml H ' K " '1 -. ClM '%E . F "
13'0 FFIM
147_1 F E' 1 4 F' . 1EF'
1410 .114 Li F-EMi'. +,: *4*,- , - +.-.-, +4- . ..*. :-tt -t4. . - ,-4--'- , 4,-,. .4 . .... , ,, ~ *:,. +-. ... -,.

:: , 1430 EM1 THE FOLLO INGM, ':ALCIILAITES SFI ',F'FFUR F FEc;I FE M Imm" TEMPlf'
1440 T:3-WH LK::3 ]+27-, :

1450 -64:. 27-T'
146 : - 4, 14+5. 6r26E-i :-+ 1.1702?,:3V9E-08±:-:t2
147 I ' , ,1+-2.1 . :7,462E - -, .* , T3
108 PE tF5=0. 005
149 Li "I = L H T , 21L8' .16-,'." F'-

15 C1 0 i- "l i THEN 15 2 C1510 SOTO: 1540

1520 F'5=F'5+. l0006
1 530 : C0Tfl 490
1540 F'5= 5 -14.',
155 0 [ I I ' '1 t
1560 REMi F( x IS IN 'C HEC

1580 REM F HiE FO'LL'uLIIG C:'iLiMLTF S HEI! iFFI'SF ER C;OEFFICIENT1 [HIT LOEF TF',I
1590 F-E : F0'1-.FE4 1 10v ' i -i [:Ll ]
1600 PI K?: 0-PO, :' ]+ [K E,].':M11-10000 :)

16-10 F [ I FI = I K3- *F 9
1620 i II i=0.07:-:3 LI F'9t .401 RE I::: ; I'
1631 0 HE K3 1-J F FC'-C2 FE -. ' : t Li .667+ I )

jI-40 IF FEt.:1 .:::= 100 THEH 1670
165 H :E:-: 1 = 0 . - I-F t I . 7:3 1
1660 GOTO 1690
1670 HE 1 03. 66
I t;LI H [ K H: 1 = J 1 1 *1 t I [: 1 1

1700 ElMFFM IHE FOLLOWIN G; CALCULA.TES S TR'SFEF: CIuEFFIC IEN IH LOLWER !mHfT
171 RIFEi CO'VEFT T(3: r'o F:RA.1THE RHI' US;E S-HiL'I.G
1720 l 1= [ K:hU: 1* I t. 8 2 + 4 6 0
17:30 [15=01 000146*Tbt2.-5/ "'::Il/14 ,'" "[5+441 ::

1740 REi COINVEFT D15 FFIOMI FTt;-+-HF: T' Ht2 SEC
17"5.0 =Ii Li.l 000025: 1
1760 .'=li -": D :,

1780 FEM Fr , IS 'II= TR HSFER ::FFII. = 0FliT t1' E' A ; , ' 1lIIi HLitl1:u~1 '90 F-E1'1, F4-4+444 : .+- -+++4+-,4* * - . I. , -, ±4 i--... FI i4...,-. + 4- ..... -4 -F±+ -II. 'F + .

I""00 FEMF THE FOLLOWING CM ' LC ILRIE' l' iF - ' I EIIIEFF-Hi.liFE

1'1u L =L K- 1 .-L -2 +Lk.-.-: 1
182 ,." .: .I:= [k3 I* 100..." k *,: .: 2*F[ K<:3 "I"

1 n"0 I'Q C' L E to ) ..
1 i40 [ . 1 K - ,I I+ L .--FF '1 T I . T [ I

185I FEM'I IO x IS THE ['' H'I=,IRE M lErlI '-..1 iii.'FF

I--- 0 E[ Mi rHF F'LL '' IN , ':ML' iC.L TE'S 1"'' IIB1;E i HF''F' F'f-'Fi,:2.'V[
1 I -4 1i ill : 1-L:0 , , I 1. ',: ,. (FPO- FE I I I- I iL -14 'I-T
I 89LI"I N iH, II T,. I f 1 L N- R
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1111 F , L- ' 144

'" '.'[ F I P1- F F -* F'? +'
1'- 'If Fl , I S 0wI F'LRM .'FtF' F'F:E.SC.- IP P ",iH )
1-4 I'I11* 444+*-**4, *ttt# 0 ' 1**** 4 +******************t-rt . ,
I LC50 1 -T [TI.F3
1' 00 I il it i, * i
l _- , F 1.*l1R*"*,.t F I- FtII+)'l 0)

1H I F ' :I 3 I Hn'
-20 10 FI*.',t DS

C'ILI 2 i R I TE 2I 0 P[ I+:- I, 1' 1 r'I L .I, C,

''.Li F I RMA FLI '19. %30 F 0 .1E F I HF. F 1. 4t F 10 .2'U Li FOFUI"T FIu .,FlU.! ,FIn .,'PlFO. 4,FlIO.

050 r'9=L[ F 1 f -T I. I
.20 6 IF T[ V = F 37 THEN 2090

C, 7C T F T9 Cn .1 THEM 2090

20' 0 T[ V ] ,

'ILI F'i I lITi " I . ' ' 2 T I5 T 8 F 2 '
2 1L 0F F PF THE. 7 2140

'1 0 = I F
1 LiC FIiI F 1 F E 2 F14
1 I i-F 11

1 '-l PP INHT P IN F F' F' 9 F' 12 P 15 F 3 P' 2 1 124"
I ClIF IE ' 5.5-2210 TL I )m'vT 4 I T 7JC 10 1,'t 1319"TI 16 b' v 19J 1"'22 ',,,[

I: l FIFRIIIT F5.I, F1. I F:' I'
I c.-" P R 1' .N T

10 FRINI
1.'0 FI.=I Ou P i 141

4-1 l lF Li

52elI NET I
6i IET. .

0 L, Al TAIn L 2 71 4i0 fI'AT H 1 22, 4. 7ELI

0 . .. ..

I Cl LIHIH Li 5,.'1 L
0 NTH 11 .2 -. .1

,L [IT ATHL . i ,, . 6 4.
Z 0 IIHTH U. 1 _,4,0. 54

''TO BATH Ll U0 4r6.

A -L [ITH I '. 6, C. I

4 " L DIfH 0I. 0,14 10. 1 .4
;i"l [iHT Li 0Li . L , 1 1

46.0 1IITH L. 014 '. '"
II HI~l, Li.L141 ,0. 40L'''

450 1 TH t 0. 0 4 1 0 . 0l,.,.i.,
' H I '.04 -1 4 .09,

- I F I If I 1

,." Fti) I T l . 4 .13 :. ;



FINITE DIFFERENCE SOLUTION21

SO $RESET FREE
55 FILE S=RHLDATA,UNIT=DISK )RECORDi14,BLOCKING=30
60 FILE b=P,UNIT=PRINTER
£00 DIMENSION A(ii,ii),T(11) ,IR(11),JC(i1),I4(11)
200 READ/,DTHETA,H,TMAX,N,IND,EPS
300 Ni=Ni
400 READ(S,/) ('TU),I=i,Ni)
So0 DUMN=N
600 DELTAX=I.0/DUMN
700 P=DTHETA/DELTAX**2
800 NCOUNT~i
900 COUNT=O.0
1000 WRITE(6,2)
1100 2 FORMAT(iHi,20X,'SOLUTION OF i-DIMENSIONAL, TRANSIENT HEAT TRANSFER
1200 1 PROBLEM'///)
1300 WRITE(6,3) H,DTHETA,TMAX,DELTAX
1400 3 FORMAT(20Xk'H=',FS.I,5X,'DELTA THETA=',F7.3,SX,'TMAX=',FS.2,SX,'DE
1500 iLTA X=',F6.3,//)
1600 bRITE(6,60)
1700 60 FORMAT(7X,'TAU',8X,'T(i)',8X,'T(2)',6X,'T(3)',6X,'T(4)',6X,'T(5)',
1800 16X,'T(6)',6X,'T(7)',6X,'T(8)' ,6X,'T(9)',6X, 'T(IO)',?6X,'T(ii) ')
1900 DO 50 I=i,Ni
2000 DO 50 J=i,Ni
2100 A(I,J)=0.U
2200 50 CONTINUE
2300 A(i,i):mi.0
2500 N2=N
2700 DO 100 1=2,N2
2800 Im1il-i
2900 Ipi=I+1
3000 DIMi=IMi
3100 DIPi=IPI
3200 A(I,IMi)=-P/2.0
3300 A(I,I)=i.+P
3400 A(I,IPI)=-P/2.0
3500 100 CONTINUE
3700 A(Ni,N)=-P
3800 A(Ni,Ni)=i.0+P+P*DELTAX*H
4500 108 CALL ELIM(A,N1,Ni,IR,JC,IND,EP'S))
4600 WRITE(6,iiO) COUNT,(T(I),I=i,Ni)
4700 110 F(RMAT(/,SXF8.3,SX)11.Fi0.6)
4800 12S COUNT=COUNT+.DTHETA
4900 NCOUNT=NCOUNT+i
5000 NSTORE=NCOUNT-i

5200 DO 150 1=.2,N2
L;An-T-
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5400 DIMI=IMi
S5Q.0. - ,IPI=I+1-
5600 DIPi=IPi
5700' B(I)=(P/2.)*T(IMi)+(1.-P)*T(I)+(P/2.0)*T(IPi)
5900 1S0 CONTINUE
6100 B(Ni)=P*T(N)+(1.-P-P*DELTAX*H)*T(Ni)
6600 170 CALL FORW(A,Ni,IR,JC,B)
6700 CALL BACW(A,Ni,IR,JC,B)
6800 DO 200 I~i,Ni
6900 T(I)=E4(I)
7000 200 CONTINUE
7100 WRITE(6,ii0) COUNT,(T(I) ,I=I,Ni)

*7200 IF(COUNT.GT.TMAX) GO TO S00
7300 GO TO 125
7400 500 WRITE(6,iOOO)
7500 1000 FORMAT(iHi)

*17600 STOP
7700 END
7800 C
7900 C SUBROUTINE ELIM FOLLOWS
8000 C
8100 SUBROUTINE ELIM(A,P ,N,IR.,JC,INDEPS)
8200 INTEGER NPIR(N),JC(P),X,Z,IND
8300 REAL A(N,P),EPS,M
8400 DO 10 J~i,N
8500 IR(J)=J
8600 10 CONTINUE
8700 DO 15 J=i,P
8800 JC(J)=j
8900 15 CONTINUE
9000 L=P-i

9100 IF(P.LT.N)L=P
9200 20 DO SO0 Ki(,L
9300 42 IF(IND.EQ.0) GO TO 4S0
9400 IF(IND.EQ.2) GO TO IS0
9500 C
9600 C IND~i? THE FOLLOWING IS A PARTIAL PIVOTING SEARCH ON THE COLUMNS
9700 C
9800 X=K+i
9900 DO 75 J=X,N
10000 IF (AES(A(IR(K),K)).GE.ABS(A(IR(J),K))) GO TO 7S
10100 IMP=IR(K)
10200 IR(K)=IR(J)
10300 IR(J)=IMP
10400 75 CONTINUE
10500 IF(ABS(A(IR(K),K)).LT.EPS) GO TO S00
10600 GO TO 450
10700 C
i0800 C IND--2i THE FOLLOWING IS A 'TOTAL SEARCH ROUTINE
iV9OL'
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I1,100 1501 X=K+1
111.00 I'TR:K
11200 J=K
11300 151 DO 200 I:=K.P
11400 IF(ASA(IR(ITRJC(K).E..ABSARJ,JCI))) GO TO 200
11500 ITR=:J
l1600 IMP=JC(K<)
11700 JC(K)=JC(I)
t1800 JC(I)=IMP
11900 200 CONTINUE
12000 j=xJ+i
12100 IF(J.GT.N) GO 'TO 350
12200 GO TO 151
12300 350 IMN=IR(K)
12400 IR(K)=IR(ITR)
12S00 IR(I*TR)=IMN
12600 IF(ABS(A(IR(ITR),JC(K))).LT.EPS) GO TO 500
12700 C
12800 C THE FOLLOWING CALCULATES COEFFICIENT MULTIPLIERS FOR THE REDUCTION
12?00 (2
13000 450 IF(K.EQ.P) GO TO 500
13100 X=K+t
13200 DO 480 Z=X,N
13300 M=A(IR(Z),JC(K))/A(IR(K),JC(K))
13400 IF(ABS(M).LE.EPS) M=0.0
13500 A(IR(Z),JC(K))=M
13600 DO 470 J=XP
13700 A(IR(Z),JC(J))=A(IR(Z),JC(J))-M*A(IR(K),JC(J))
13800 IF(ABS(A(IR(Z))JC(J))) LE.EPS) A(IR(Z),JC(Jfl)r0.0
t 3900 470 CONTINUE
14001 480 CONTINUE
14100 500 CONTINUE
14200 IND=0
14300 DO 600 K=1 ,P
14400 IF(ABS(A(IR(K),JC(K))).GT.EPS) IND=IND-i
14500 600 CONTINUE
14600 1500 RETURN
14700 END
14800 C
t4900 C SUBROUTINE FORW FOLLOWS

15100 SUBROUTINE:* FORW(A,N,IR)JCJ3.)
15200 INTEGER N.,IR(N),JC(N),X
151500 REAL A(N,N),B(N)
15*400 DO 40 E1=2,N
15S(5 0U SUM-0 U.
13600 L=1 1.
IS7 0(0 DO 30K~ ,
1'31300 iMUMAJ()J()*(R()
J. 59 () 0 30 Cli4T I.NlE
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16100 40 CONTINUE
16240 RETURN
16300 END
16400 C

16S00 C SUBROUTINE, BACW FOLLOWS

16600 C
16700 SUBROUTINE BACW(ANIR,JC,Y)

t6800 INTEGER N,IR(N),JC(N),X

16900 REAL A(NN),Y(N)
17000 K=N

17100 X=N+i
17200 650 L-K+1
17300 SUM=O.0

17400 680 IF(L.GT.N) GO TO 700

17500 SUM=SUM+A(IR(K),JC(L))*Y(IR(L))
17600 L=L+I

17700 GO TO 680

17800 700 Y(IR(K) ) =(Y(IR(K))--SUM)/A(IR(K) ,JC(K))

17900 K--K- I

18000 IF(K.LE.0) GO 'TO 750

£i80 GO TO 6S0
18200 750 RETURN

18300 END

IIi
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LOWER RESPIRATORY TRACT

EXHALATION

ii
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11.... . ? . ;. 0 115.6
Q- $ 1.2 94.8 9 .4 . ''.,..7 .,3 .S7.3 115.6
- . ?. 90.7 ' _" 90.,,28 .4 7.4 8., 102.9 115.6

4 -3. "ul W2. 91.9 90. 85 29.3 8.1 9-. 7 115.6:
5.4 ' 9.9 '-97.1I 97.7 115.66 130A W5 ie8 9-. 9-'.7 'Y8.4 93.1 99.; 99.9 115.6

HG T P F . 96.9 97.0 96.3 9 ,9 101.3 10:l: :

T4= 9.9 TJ- 96.6 T1 102.3:1

c' PHSE BRPANCH VELOCI 1IE .:FTSEC

-r.'. I ERRNCH 2 ERANCH 3 BRAN.H 4
2.37 2.42 2.14 2.70

OV ERLL FILM LOEF E ,'FT-H.-F)= 1.29
:INH I RE'NOLDS [n= . 50
-'rFl3I:T OF REYNOLDS NO HNIJ PRRIHfTL H.= 1281.35
-. EFtLL NUSSELT HO- u....

TES T  NIIMBEl . 1

Ti 2 3 4 5 , 7 . 9 TiN
1 . 02. - .4 80. 1 80.i 79 r 9.0 81.6 81.8 1i1-.I
2 835.6 ', P!?. .,6 80.5 80. 2 00.2 79,9 79. 2 79.2 78.9 113. I
: S R1.1 79.5 79.3 : 3.9 ;'8.7 78. 85.2 .0 113.1
4 9 ,4 2. 79.9 78.9 70.2 7S.5 78.4 79.1 81.9. 113.1
:. F7 .7, ::. ,2 ?5.- 1 840 8,'-4.9 04". 7 8-'5.2 85o.... ,:..... .. 4';.Q , 10 .1
,. 91 .9 . :07.6 86.5 5.7 85.5 ' 8 .5 86.3 0"3. 113.1

8'& H r'P,"" ' .0 8 3- :87.3 3r. ' 90. 5 92.0

TQ ;c' ,- T3= 07.0 TI= 91.2

W. :CF P-ANICH EL( III E'.- .. 'SEC

F:; d -r ' , q F...HIIR.H 2 6-FrHt'rH 3 F'F"'i' 4
q 45.4) 40.23 0,. -13

.'- LL FILM COIF 0i "'- -l-Ff-HP-F'= 1'
-'PIRAH 1 REYNOLDS NO= -4415.32

['I:'fi '  OF REYN"OLDS 'lIi F'F:NO-PT . H"= 24030.72
,"E t-lI ill..ELT NW- 11 27

4 ~ '* , ~ .- to -w ol** I

S7....
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WLT NOMBLP

1 2 : 4 5 ? [
; So.? . -. 2 00.6 0.0 7T 7,4,A 74.4 8-ci 113,
7.: :=- 0.7 80.5 ,: . : '.. ', .2 80.4 113.9

W ;1. 2 8-: .7 81, .6 :- .9 -IO. 9 :-;.1 s . & ,' -, .9 8-39.2 113.:• 9
S4.8 S..2 1.0 80,6 8_0.5 80, ;:: "0.7 8.1.4 6.5 1 3.9

A', iWF TEHM ', F ;.: 7.4 !.f: . c :..0 :: ..4 'Z 3 I
r4- .-'" 4 Tr_-d :1= 7

H-IE.4W E E HCH IY 'ELICITiE'- ,6FT S" '--_

WACH~;1 i BRANCH 2 BREIRHH 3 K;RWANH 4
. 69 3 .51 :r 18 41.80-4

O:YEPHLL FILr! COEF SOFT-HR--F 12.9.j
BFANCH 1 FE'NOLDS NO= 2933.1:
FFODU'P T OF PE"",LDS N' hll' FF:Ati i L NO= 19868.19
OVERALL lI'.'_SELT NO- 10 . 7

IEF T NU',1EEP

T -F' 1 4 C 7 ' ' TW
1 102.8 -8.2 84. 8,_,o ,1'. 1.5 .3 82.5 113 .9
2 94 : -.0 85.5 4. 83. 6,.9 4.1 83.1 84.8 113.9
A 87.3 87.4 4 4 84.4 -- 8 8.4 4 .0 96.6 113.9
4 ?4-. , , . 83.. 2-:2. 84. 92.4 92.1 11 .9

7 44.9 W.9 90'-l.7 90.5 90. 90,7 90.6 90.5 9 ~ -1. 113.9S .9 9 6. - 93.5 . - '9 .4 90,7 90 L.4 9 0 4 91.5 113.9

'G l-r TEr'F'F 90.6 90.' 91. 1 0.7 5..4 96.4

T 4 90.1 T = 91 .4 Ti= ''

H,,ERFIE EF'NCH -EL-ITIES'FT E'

E:RACH 1 BRANCH 2 BRRCH :3 'RANC H 4
2-3.5: 24.11 21. 32 26.87

OVERALL FILM COEF ':B..SOFT-HR-F,= 9.31
BF:ANCH 1 REYNOLDS NO= 18243.00
PRODUCT OF REYNOLDS NO AND PRRhDTL NO= 12770.10
OVERALL NUSSELT NO= 77.58

-.- . ",*t*±- *" a , 4 . . - " ., 9 -+. # + ** *+ 4 44 *
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lEST NUrJBER 4

TAP 1 2 3 4 5 ., 1

1 9 .3 ' 2.9 80.3 80. 5 : Caj.1 /", :. . - , .3 11 •
- 6.: 8- 1 -, :. i 4. .1 5'9.7 11..
•3 80. 5 79. 5, 78. , 7=. 5 ,', ," . :; 4 ;'.? ,. . ]1

T- 8. -3. T T T

AVEGE FHH' H EL" ,",IT±E, F '

p BRANCH 1 BRANCH aR~ E:F.FIN H 3i
-i 72.17

OVERALL FILM COEF 5:.E:..-.F--H-FI.
BRANCH I REY,-NOLDS NO0= 14
PRODUC I(T OIF REYNOlLDS NOl AND F*FHHJ'TI U' cfl

OERALL l "-'ELT NO= 1h9,5"

TEST NUMBIE5

TAP 1 :34 1
32. 7 9 1 8 ..4::--4 1 1. 2 ' 4
;34. 1 81 2 ~ - C - 11 0

3 85.6 2. q 80. 7 4 4 -1 1 S, -U Hc _ 4 H 1 11 0
4 83.3 505 79 7'C.4 0 - 4 113 H

5 86.6 834 8-3',~ 83. 8"H 4 c4 113.06 90 33.5 71 85.8 :4.5 . . 34 .8 5. ;:5:6.6 112 .

AVG TAP TEMPk.F. 87.4 86. 1 7- 7 25,3 ,- ' :;

T4= 8 6, T3= 85.9 TI 9. '

AVERAGE BRANCH VELOCITIE:,T E(7

BRANCH 1 BRANCH 2 BRAHNC 3 E-:FHL.H 4
. 31.89 72. 4. . 25

OVERALL FILM COEF E'':E.FP-H-F 2
BRANCH I RE'NOLDS NO= 61 ?5.
PRODUCT OF REYNOLDS NO AHih FAHlTL uIcI= 4:1 , 70

,IOVERALL NUSSELT NO= 135.17

• r*** --*.*** ,*-** ..** -*** .*-.-*******.*-.***. ..--*.*,: ,'*4 ,' : • . +, * ±r

TI;T t'EEF-
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TEST NUMBER 6

P 1 2 3 4 5 6 7 8 9 TW
* 103.1 89.5 87.0 85.3 82.9 :83.0 82.7 81.7 82.0 113.1
- 90.6 06.4 83.8 83.5 82.5 :1.6 32.1 83.? 89.9 113.1

-94.6 86.6 8. 3 8.6 r. 5.8 26.2 87.2 88.2 11:3.1
' 94.0 37.2 84.9 83.9 83.- 2.5 81.8 82.8 82.5 113.1

5 94.1 91.4 9.9 8Q -9 4 :9.1 :'9.4 89.4 90.4 11:3.1
9 37.8 9. 1 9 .4 91.6 90. .4 '90.1 90.8 91.8 113.1

H'L, -F TErF' F 91.2 '9 .: 92. 1 . J .4 '06.3

T4 90.6 3- 91.0 TI- 9'5.

-H-,,I: I iGF E:RH'CH VELUL. I T 1 , FT- !SE "

ErH'NAWH E:RHHCH 2 BH'RH 3F+ IC.;I 4
S.34 17."2 15.67 19. 7T5

_ ,EF. HLL FI LM COEF *:w E:..30F T-H -F- 6."
EHNuH I REYNOLDS NO= 1340'. 9
RF'R'CT 'iF RE'NOLr.S NO FND FANDITL HN= 9386.;
_''EFPRLL NISS.ELT NO= 54 7 .3

fEST NUMERE

1tq 1 25 4 5 6 _ 9 T,
27. AF.4 2.3 81.7 :1.? - .. u.0 79.3 30.3 113.0
-6.6 K .: 1.0 80.5 10. , 9: "... 9..'9 79.5 :'0.2 11-3.0
91 8 .2 833. : -. 5 '' : -'. . . 1 E4.5 '2.7 i3.

90A 85. R9 8. 05 7. 94 79. 79,~7 113.0i
18. ; .5 04. 5. -- 4. 85.0 . 0 .2 36. 113.0
_ 4.4 ' ... .. ' _" w.4 8. S 8.5 87.2 e7.7 113.0

Ho. 10 1EP 1 8'".0 8 . . 9 . 2 3

T T,

F ;. -'_E f', -I CH Et I':!Ti F' ' SE,

K _ :F(i4I ."' E;' :iH F H.-Ii 4

''9. . 7 '. . 67. 94

$ '.'Ci-UL tILK COEF F' K' Hr -F -- 14..4K
- : k-PP , H ' A' OLD tO= 461:3.04

F" ' - K ' F RE''NOLDL H tn'' l F'Fh'IL rO= .,29". Q

' F'FiLL +I ':I'-iELT -' - 4 1 + .+

4.** .* #44 .........Z~' 4- .4r.~
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]1:* ,iJ'it~ 74 ,7
I Et W

E: H. N C H H

4 _ . 4.. .

H,' LL- FFIiit C E

'- P . _ . :-4C._ O F ,-:,.,' -.. . : ,.-,Li P .- j_' I I, t I

-; . k - -. 9 1 .I.--

*~A 4-*L Ti [Wrt( ELTF t

8 2 ., : ' ' . .' '',_." -; 3. E. - c- '.. :

j E :P n rii H I E thN ' H ,2- t- t l'H H k ' , h j( ' .A

4 .'- 4 i .r. 2 84 1. 3, .-, 2 . 1- 1

5,,r-P 5 L 88 7 -' .'. 5

F.F~t. 9H 1 F6v IILDS tll:
,PP~iLJC r alF R.E'NiNLi).:, lIi lt.:i' !''HI j;, rL_ U1'' t3' ,I ;:

SOERALL NI::ELT NO= .' 4

V l4HitIE'FF 'C

ERH A FN C H 2- 6F4c

BRA NC 4 NO= L Ii 1 . 4
_ ,: " ,' .8 :''. 2 82.. 81 • 1 . 1. r* :-H82 i ii :3

ROD OF REYNOLDS NO AND ," C 4 6- . i 4 I [. ,-i ,
4OVERALL 9 140= 8I.4 ,--.

AV,,, TH rRP T ENt1Fi, F :, '' ,',1 8 - 2 ..2 : ,44 O,0 9 2 4.--

T4= P5',.•7 PT=  91.4 TV 3 = ' .0

AYEP'HG'E BtRNCH ',,ELOCI I T IF2 'l:,FT. si:c..

iE'PAt-CN H 1 8F'RNC:H 2 EFAUH .F:4' .INCH 4
•.. 2,".42 28.0 Z:; 4.79 1,,1.24

l OVERAILL FILM C:LEF B.E',."1 T-HF'-F ,'r '3, ,.j

BRANCH 1 RE",INOLDS NO= .32 03. 94
PRODUCT OF REYNO'LDS. I'OI AND PFAI='ITL rugl:: 14,_446.' %
OVERALL NU.SS.-ELT 11O= 80, 14

*****t****t*****.****4.,*.-#*±.r
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. . 1 . S 80.5 F0.11 79.7 79.1 78.A ''- "12 1 1.4
.4 " " .4 8=12.2 

'
4. Ij 117.

- -'-, 86:._.4 8-2.7 81. 6 8:0.2 70.0 78.5 ..... 7 -" -. 143 . .... --2.8 8 . 3. 0, .1 9. 4 K ... 7 84.1 1:1.4
?0 ........... 85.4 84.8 84 5 8 . 10':' -.-. ,
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UPPER RESPIRATORY TRACT

INDEX TO TEST DATA

TEST MODE DEPTHFT GAS TEST FILES

Nasal/Exhalation 0 Air 0-10
" 0 He 27-33

200 N2 34-39

1000 He 54-57

1000 N2 58-62

Nasal/Inhalation 0 Air 11-19

0 He 20-26

200 N2 40-43

200 He 44-47

1000 He 48-50

1000 N2  51-53

Oral/Exhalation 0 Air 63-71

0 He 72-77

124-128

200 N2 104-109
" 200 He 110-116

1000 He 117-119

1000 N2 120-123

Oral/Inhalation 0 He 78-83

0 Air 84-93

200 2 94-98

200 He 99-103

1000 N2 129-134j 1000 He 135-137



717
233

UPPER RESPIRATORY TRACT

NASAL/EXHALATION
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I E-ST N I NAL E,HFLFiT I OH
LDtt:.FtI :DEPTH ,' 1': U. u FLOW . L[ H, : 19. 1
EBATH TEMFERH I UF L 44. 'R E':,IRE I.OFiF Cr- H1n'2 . . 1 I
T.LL 1 TLJALL2 TWALL:3 TWALL4 TLALL5 tE A tl
41.9 4:-::, 0 4:3. 0 4: .3 44.1 4:-:. 1

[ NA!-AL 1 TNCAL.2 N"E A MN
41.9 4.2 42. 1

r rPFA, HEA 1 I TF HRHEH MEAN
:8. 7. 2

lERII I VELCIL I1': 1 '-:. :-;El-: : 2. Cl. ' RE,'HOLDI'- Ni: .,f149.2

SWtALL(L :) 4. - iT :'. 3 LISELI Ntil: 14.4
i=" i + + + +f+ +4-........+ +4 4 +++44........ ++ + ++4 t-* ++4+ 4+4+ t...........++ 1- +...-..

1 [S-,T NC l t AAL E.:::HALFT I0N
,.iu:IR'. 11EF!H ,-W': 0.0 FLIW '::L Pi: 41.I
[;HTH TEMPE H ilE ' :: J 44.5 FFE';-IPE I.OF' '3M HI':') : 5.
I .AL L 1 T HFL L2 THLL 11-: f ALL 4 I HAL LS ME AN

S0. , 4. 5 4 '.' 4 :: 44 .: 4:3. 1

rFOllr A!. 1 1 Orl i-t.;: H1EHO

40. ' 41 1 4 ',

STFi:HE-1i 1 H AIHE A: NEAN
;4. t 1 4

HEII 'EL V [ , : Er. SV 4 IE"H ..', Ii: 4 I.54

LiT1.HIL.LI:.I: u Ii' ' ; NI. EL I lI: -:i. 1

-+44 ++4'+44- + + +4 ++ t4 -+ 4 .fi + 4+ 4 ++ + +-++4 + 4 1-444- t i +++++4. . t + +

H:1 H f I-: 2 I+.AL EHF HflH[ T If' l
iH i:H I '1E FTH 'f L:', O. C1 L.'' ' - i L. F : 5 1.5
UFII', TEMf-LPAT [IR ' : . 44 F F I'-,. ' 'F' PRE I IiR H2'1 : 4.:,
r IHL L 1 -H L, L TOI L..:, t I .4 TIIALJL 5 [EH
- .4 4 ,. 7 4 43. '4 44.0 ,

H tA'-,. L I [ ,L A A MEAN
-. 4 41, Li : '-V

SITF:F'2HI HEH 1 IF HI HE.H: tlEOL

Oi Fi tE Ll 111 1 ti F'. H It ]t' I1' l: ' J

q t.I- :7:-,4 ; i' i :" :' 1 I-:'i

+ +...+. + + .+ 1 4, 1_
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M NONASHL E:*:H T I ON

L:HlhH TNHL>JUEM :45.4 PRSUEDROFFH H20):' 6.4

rNHAL 1 TNASAL.2 MEAN

TTPACHERI ITRA' HENP MEAN
I 2. C1 3 . 0

riE~i VEL! I Il il?'E.): 805. REYNOLDSb NO: 68.4

('TWH-L.LvKC: 1 .0 r-F( : . 2 NUESELI NO: 39. 4

* t IA+++ * +++++4++++++++4 rffffffffffffffff+

MSi NO -i NASAL EXHALAT ION
GAS:AIR DEPTH (FSW) : 0.0 FLOW (LPM): 86.1
PATH rEMPEPATURF(r 2 46. 0 PESSURE DPOP<CN H20): 12.5
TWHLI 1 TLIALL2 TWALL - IWAL4~ 1 1L.L5 MEAN

32. 44.2 44.1 44.6- 44.5 43.1

I NHSHI 1 1NHSL HMIEAN

IFTHI HEHlP JTFHIHEW MLNII

1.1 1 .2 11

NIE N "F LMM.. SECA1 [I. * L F] i I S [NO: V37.3

Ii LL O 12. M C . T . 4 '1 i LT r O 5P.5.

+ +*++++i-r+ 4I++4-+++lf4t L+ rffI IIfi fi+4 +++44+f4+++++++4

u~ NO tilASKi L HHLHT Intl
Al HI! DELFIN FSW N .0 FL'OW kLU': 114.1
PmHi 1FMNfi FIIFL&: 46. PRESSUFE IIFI'FCM H20) 23.
IMA!I 1 11111 TWHL13 IWL~L14 INHLL5 MEAN

II44.5 45. 45.i 43.4

I i Iii I I NA - H MEAN

IiHC EH 2r'.

I~F LI NO:

A' i4 4 + f' 44 1 F t44 JI i .41fIt. i+ +
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who f I ET IW: ow I L'uiA Lr: -49.
:Hi H TEr1FF1All FL C 4'. I I LAS ''i: 'VJL il H20.: q -4
INHLL1 1 NHLL2 fWjjj[ I WiELt4 TuiLL [MFEAN
41.2 44. 44. 45.8: 45 8 4 .

U NmvL.1 THASH1  MFHN
'41.1 41.4 4

!PH' HEHi FM' HUH) MN
:4. >4 4 4

iTH: 'VEL'.'' lYe LN h : .o RENO LDS NH: L. U9.

01WILn* 4 P00 6. MUSL! AD w-'

§ TEb.I NO': NAISAL EXHAL Al 1JOi

GAS:AIR DJEPTHI 'P40; 0. u FLW 'LF: 20. 1
BA [H TEIIFEPATUF0.tQ:: 47.U rRVFFH 'E LiFUFn 1-120 HS .' '
TIJALL 1 lIJLL2 TWLLS [WH[ 4 TWHL/t' MEAN
4w'.4 -i5.1: 45. 1 45.8: 45.8 4

fNmH:FL 1 INASAL.? MEAN
4i.4 4 2. v7. 42 .5t

[T'RAiHEA i 1 ['AC IFluOI N

MlEAN VEL''' 11i NI s' : in', H .YI-i liS N'Y A 9.

IITWMLI( ' 6.~.6 ukill: i., NLSI'sL NO: 10.0

I-*-++++14 i 4*4+4 +4+4+4 I +1' ,4i i -i f+1-4 +-i 1-+1 f-i-t+44-+4 I+t

TESTI NOl IME L c.VIIM T 1 'N
GA'.m1 MIF [FIN 'F I' f Q FLOW 'IK 1): V4.'.'
BATH TENT LVA 1.1f '1 47., rFPL.ItJFE Dripr. Vit 'H200 1
TIAALL 1 1 NmLLS2 ln WLL 1 NALL14 TWHL .5 MEAN
40.0 45.5 45. 0.8: 46.0I 44. K

[NAGAL 1 NHGMI? MEAN
4u.0 40.i 40.4

T~[rI CHER' I FM' Html MEANI
324: . 32.4

MiIAN LH 1 : 2. 1 IT' RE y"6 Vl 4.C[I Ii~*1 4-14*14+4RLI I + 1~4~ +. I +hf +-t 4ws + + HO: ;n+1 t + 4++ -t
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ii ii''NASAL9 I H1LHI 1 Ul
H uPDEPTH TM A 0.0-' FLOW LEMAI 18..'

iuTFEMMMIFI I 41.' FRE luE DPO'M' H201: 13.'

IM1 MM TWHIA LL 3 TWHIL4 1LLL5 MEAN
4 :. 9 AKX 45.4 4r.4 46.4 45. t

In HL1 H AL2- MEAN
44,0i 43. 44.0

I I iiGHhu I T FHi HF H MEAN
141.1 42.?7

11 Ht VELMMMS: Ut 238.' REYNOLD NO 1t: !M2.63

'lTilL' 2.: 2.9 LiT' ' 1. NIJSSELT NO:

TEA HJO 10 NASAL EXIHALATION
,flt: D EPTH [14) 11.11 FLOW (1. [I): 116.3
LBiTH lEriiMPERIUliE 7a 481.0C PRESSURE DROF(C N Ha:0)': 25. 4
I N i T WALL2 TwiLL 3 I 4 TWIAL.L5 MEAN

'S 4.0 41.5 46.j K. 4. 45ni

i InEFI 1 HASHI f-iMEAN

I I'tulEHI F IFRiHEMC MEAN

IN~ Vii\ELU 'ii I?. CN 150. REYNOiLDS NO: 1h531.U

IILIHLLkC . 13.5 DT(Q 7.5 *' - IELT NO:6.

+-*I--r+++f-i + i-t+4-++++- I +++++4-t4ft *++++++++4++*+4++++++*+lfff4

IMF NO 27NASAL EXHALFATION
(Al:MEL II I DEPTH ' FSN '.0* FLO :'w MA1 50. 7
MIA TENFE FHTHFL(7): 52. PFF BLRE POF CM Ha2].: I.:-
I NAF 11 I THOL WLJLL I WHI 14 TWlL L5 MEAN

44> 1 51.4 5j.4 5.3 51.4

MIM lLI HSHI pEA
4?. .y . '

1 b'1 1 1 H IE TR.Al- I* I ILtit
I4n. .? 4 3. 5 4':

- ~~~~~~~~I Il 'F I '' 'I L ,I 111 s iI

1' 44 + Ii I .4 + 14 1 Iti 114 I 1 1 4 If + 4 + Ifi~ I-A I4 +44 1ill
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I E ::.[ tioL 2 :-.: HlA' -.AL E ::-'H H 4L A T I C0 H
IJAS: HEL ILIMI DEP TH F N>: 0. 0 FLOW KLPH1: 85. 1
BATH TEMPERATUREC.:): 52 3 PRE'.:;S E IROP-.P H20): :
TWALL1 T.ALL2 TI.,WA L L 3 TWALL 4 TFALL5 MEAN
48.7 51.2 51.3 51.:-: 52.9 51. 1

THAS A L 1 THASAL2 MEAN
4 C. 4 8,. 7 48.4

T RA HEA I T IR FHEH MEAN

4 . 1 9.4 4:3.1

NEH. EL' '' : ! S E : IIE11 1 8L D.-; tNO: 11 5i7. ,"

I' T HLL ,. Fi : :3. 0 DT,:C'. : NLI.S;':ELT MO: 6.

4 .++ .+++++ .4..... ........ ...... 4 + + +++ 4++'++ +1+ +++++4.++ + + + .+ .+ . + . . -. ..-..

TEST NO 29 NA'-A;AL E':.'HALAT IOH
46: , EL I LI1 DEPTH ( F SW) : 0. 0 FLOW LF'r'I : 119. :.:BATH TEMPERTUE',::: 52.' PR'ES;URE IROF' CM H2O : 6.5
TWALLi [WHLL2 TWALL3 TWALL 4 TNALL5 MEAN47.7 51.2 51..-: 51. 52.8 50.':

'MA' 'iL I TNASAL M MEAN
47.1 48.0 47.6

ITRF. HEF 1 TI .ACHEF: MEAl

41.4 :36.4 41.4

MEAH ,ELOt: I'Y, CM 'EC 1.. 6 E'.

1' 1 L.IL K C:,: ' 5 ]T ,: C:'. L1 Mu: 9.

++.+++++++++++ ++++.+++ +++4 ..+.++++++++.+ .- +.+f+44+ + 4 +++ 4+ 4 4-+ + f i 4 4- f f ++ + + ++1,

T E I Ni :0 NHASAL E,'HHL A FI CiII
HEL ILIMI DEPTH (F'.A; , 1 .1 C FLLW L F'I: - 25. 4

PATH TEMFEPh IUF.E,:. C F F:RE' PE -1F RO I', M H2 ) :[IWAL. L1 TWAILL2 TNHLAL L 3 .1 UILL4 TWALL5 MEAN
49.5 51.1 51 . , 52.4 51.i

T NA'A.,HL 1 TNA'AL 2 P1E AN
49. 1 49.2 49.

[THI: HE 1 TTRACHEA:7 MEAH
4:-. 9 4 .' 4 4

'lEAN ELC I"iY"' : C:r E '. : : :: - . FE" 'li I', H4u. ''.

I I IIL ' I . 2iT ' C : U. : ifl f 1 J .t1 i 4 1.

.I++,f* ''++++ 4- +. 3-+4. ;44-A 4.I 44444-4 ;. j 4- 4 r} +1 4t, i '-'t I 4 '-, 44.+'4 I
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TETV NO Id 1 NASAL E:XHALAT ION
GSHEL Ii If DEPTH 'fSW: uI.0 FLOW OLEN): 47. 9

[BATH TEMF FF HH i F C): 52. 3 PREQ:SiPE DROP CM H20): .
TWALL 1 TWLJL L TWLALLS TALL4 1 WALLS MEAN
49.5 51. 51.3 51.4 52.5 5.

THASAL 1 flASAL2 MEAN
49. 0 49.0i 49.0

TTRACHEAt 1 1 FNiHEN2 [MEAN
46.12 44.3 46.0

MEAN YEL'I'I.I 1'Y((:11 C F' 28.6, REYNOLDS NOI: 651. 6

7'j DTWHLL (C): 5. 2 DT'Q .0 LI NSSELT NO:: :3.4

++++++++++++4--I-+++++&++++4 +++++I-4++++±++++-L+++++++++++++++++4 +

T EST. NO Ws NASAL EXHALAT ION
GAS: MEL I U DETHFT K FSW) U .0L FLOW K LPM): 3:3. 7
BATH TEMPERATURE(.r 523 PRESSURE DkOP ': 7M H20) 0I.6
TWALLI TWALL2 TUNLI3 IWALL4 TWALL5 MEAN

501 51.3 51.3: 51.4 527 5

THASFIL 1 THASAL 2 111 Ni
49.5 49.6C 4,

FT FACHEAi1 TTF.AC:HE.H2 MEAMN
48.0C 4 7 .:3 480

MEAN '.ELOiI Y.: t0SEC : 442.3 : E huLLS NO: 458.4

DTWAL.L(: .4 liT'' .6 iii'ELT NO: 1.9

i-ffffF+±l-+++t4 4+i14++++++4+++-r- f+-f+4f+4++++++++++4++++++f+

FLST NO 3: NASAL EXHAILAT ION
G41:: NFL 1D11IEPTH 'i-W) 0.0 FLOW LPM07 4:3.2
OnH TFMPiF i111f I '' 52.3 FL IESRE IDROFKCM H20) : 1.0

i.. I TWI-1- IL NEL L3 ' Wi I4 FWL L 15 MEAN
01 8. 1. 5t.4 52 5 51-!

Ili; lit : K A'H '-itNFM
*1 49.4 49. 4

I'4 I5.u 0I 4 .

'IL, ill 11 4 SE 5 . PE YII L D LIN: 5v .

' i'+ . + 44l-JIr 144t+ 4f4 + ++ + + 4 14
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E'.-' T l NA SAL E',.::HHLF T'I ION
,s:- :tI TRO EI' NDEFTH F I.': 2'.0 FLOW LPrI: 12. 0

BATH TEMPERFTURE, I: 1, PRESSURE DF:OP(CM H2': 2.2
T..ALLI TWALL2 TWMLL:- IWALL4 TWALL5 MEAN
45.1 50.0 49 4 50.1 51.1 49.1

TINA'HL 1 TH I'HL MEAN
44.0 44. 9 44.5

ITPA-:HER I TI'RC:HEA MEAN
37. 0 :38. 0 37. C

MEAN EL' I I" CH.- SEC. 15 . 5 REYNOLD;S 1: 89 15. 1

'TWALL ( C: ) 1. 1 T(": 7.5 NUSSELT N0: 51.4

S+tI.++++++++++++++++++++++++++++++++++++++++++- l-+++++++++

TEST NO :35 NASAL EX:HALAT IONI AS:NITROGEN DEPTH (FSW',: 200.0 FLOW (L'PM): 21.5
BATH TEMPERATURE('): 51.3 PRESSURE DROP(C:M H20): 6.8
TWRLLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
41.2 50.1 49.6 50.1 51.1 48.4

INA!SAL I TNASAL2 MEAN
40.5 42.1 41.

TTPH'CHEA1 TTRACHEA2 MEAH
34.2 :4.8 4.

MEAN YEL .' I "' CI SEC ) 22. 3 REYNOLDS NO: 15,73. 0

DTWALL(C:): 1.4.2 DT,:'C:: 7. 1 I. -LT NO: 74. 9

+4+.++ 4-+.++++ +++++++ -+++ .4+++ ,+++ +. ++++.- .- ++++++++++++

TESI NO 36, NASAL E':.HALAT ION
GAS: I.tTROGEN DEPTH ,rFSW.: 200.0 FLOW ,:LPM): 32.4
BATH TEMPERATUREU' .,:: 51.4 PRESSUPE DROP'(CM H20,: 15.6
TWALL I TWALL2 TWALL:': TIJALL4 TWALL 5 MEAN

39.2 50.2 49.6 49.9 51.0 48.0

THASAL1 TNASAL2 MEAN.38. 3 40.1 :39.2
TTRAC:HEA 1 TTRACHEA2 MEAN
32.9 :33.1 32.9

MEArl VELOC: I '",.CM..'SEC':.: 425.2 REYNOLDS NO: 24070.9

I T WIH L L' C.' : 19.1 * If .a ,. 3 NIS:';ELT NC0: 94.41++ 4 +++4++++ 4+++4++++++ + 4+4+ + 4+4+4+A+ + t +4+++++++++++..



1 :NASAL 1-:if. Hi I IN'r
LJA;: N I1FO'GE N DEPTH 05. mum Ft HLOW~ alii l.-

TWHLL 1 TWAL.L2 TIJALL 3 !NAt 4 [WLJHL' lEAiN

1'TWHLL' C:: 14.6 I'T'.' 6.1 NUSSELI Nil: 103.?"

4 4++r+++++++++++++++++++++ff++ + 4+41- 4++t++t1 4+++44+4 444

fF81 NO 38 NASAL E::HALAT ION
GAS: NJ TFFiiEI DEPTH : F3W4J: 200. 0 FLOW "LFH) : 40. 1
BATH TEMPERHTURE(KC) : 51 .6 PRESSURE DROPKEL H20): 24..!
TWALL 1 TWALL2 MWALL3 TALL4 TWALL5 MEAN
37.9 50l.2 49.9 50.2 51.3 47.

TIJASALI TNHML2 MEAN

I TRACHERl lIT-I' HE'' MEAN

MEt-N VELi~il !YilM/S F' ' REYNOLI.S NO': z9791.4

L'INHLL 'F : 159 DKQ' 5. NUCEL NiO: 104Hi3

f 4 +44+4+4+4 +4* 4+4f+4 +4 + +
4  

i- t4 4 + f fif4 + ,+4+4 4-4 +414+4 + +4

TEST NO 39 NASHL EXHHLAT ION
GjHNI TF FiEN T'EPFTH fFW> N ' 0.0 FLOW L~PM)' 42.4
EBATH TEMlFEPHNUE& 51. PR~ FESSURE DROP ' M H''.' 27z.-
TIJMILiI TWHL L TWL FWINIitL 4 1 WH[L MEAN

39. 50. 4.1 5 .51.4 48.,

rNHSHL1 HAL Hi NH
38 03 :-: 08.

TTPEn'HA11lPHNE~c MEAN

iFEAN VELIuL~C ii'.'11k. 55.6. REYNLD.S NO: 3:150o.2

'1DIKL'C A. '4 lT') : '.4 Hilt-LiLT NiO: 10i'. C

+ 1-44+ + 4
4

f 4 f4 +4 + 4 4 ++ + 4 1 + + 44 4 41+1+4 14+ 4 f0 4' 44 4 ++ 4 +
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TEST NO 54 NASAL E::HALATI'0N
GAS: HELIUM DEPTH KFSW,,: 1000.0 FLOW LPM): 5.0
BATH TEMPEPATURE(C): 53. 6 PRESS'.;-URE DROP,:FCM H20)-: I.::
TWALL1 TWALL2 TWALL3 TWALL4 TWALL5 MEAN
53.7 53.7 53.7 53.5 55.7 54.1

TNASALI TNASAL2 MEAN
45.8 47.4 46.6

TTRACHECI TTRACHEA2 0 MEAN39.6 39.7 :39. G

MEAN YELOC 1TY (Cl,.'SEC) : 65.6 REYNOLDS NO". 20'90.6

DTWALL(C): 14.5 DNT(C 7.0 HUSSELT NO: 9.0

TEST NO 55 NASAL E:HALATION
GAS:HELIUM DEPTH :FSN': 1000.0 FLOW 'LPM): 12.7
BATH TEMPERATURE(C": 52.5 PRE':_;LIRE DROP(*CM H20),: 22.0
TWALLi TWALL2 TWALL3 TWALL4 TWALL5 MEAN
44.3 5:3.3 52.7 52.5 54.4 51.4

TNASFILI TNRSRL2 MEAN
42. 1 43'. 8 43. 0

TTRACHEAI TTF HEH2 MEAN

31. 1

MEAN VELOf':ITY,:CMriSEC 16.7 RE'66OLD7 N: 5310.2

DTWALL(CA): 13. 6 DT(C:): 5.2 NU-,ELT NO: 17.9

4 ++ +++++ + + + ++ + ++ ++ ++ + " + + -- +++ 4 + + 4 ++ + + 4 .4.++++ + * + + ..- 44.

TEST NO 56 NASAL E,.H:HALAT IOI
GAS:HELIUM DEPTH KFSL): 1000.0 FLON ,LF'M): :32.5
BATH TEMPERATURE (C:': 52.'3 PRESSIRE DROP CM H20):,: 9.6
TWALLI TWALL2 TWALL3 TWALL4 TNALL.5 MEAl
:37.4 52.6 51.6 -51.0 53. 3 49.2

TNA-AL I THASAL2 MEAN
:6. 9 :38-, '37.7

TTFFi-:HEAi TTRACHEA2 MEAN
3-2. 32.2 3.'2.6

t"IEAt VELCI. T T ' C, :.SE C): 426. 5 RE'fNOL-S NI): 1159.1
IT.ALL C : 16. 6 DT(PC : 5.2 NLISSELT 11': :, 1

4 t+.+++.. ++... ++. , -. +++4f4++.44+4 -+. + 4- +++ +4+++++4 + +..-++.++.+4-++t I +
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TEST NO' 57 NASAL EXH:.:ALAT I OIN
iS: HELIUM D1EPTH (FSW) : 1000. 0 FLOW (LM) : 73.83
BATH TEMPERATURE ('.:: 52. 0 PRESSURE DROP ('M H20): 43. 1
TWALL 1 TWALL2 TWRLL TWHLL4 TWALL5 MEAN
2 l51,.7 5__.8, 49.6 5..6 47.5

TNASAL1 TNRSRL2 MEAN
31.- :3:.1 32.5

TTRACHER1 TTRACHEA2 MEAN

:30.0 29.9 30.0

MEAN YEL''' ITI ."SEC: ) 968. 5 REYNOLDS NO: 30357.8

DTLJALL (C:): 1 7. 5 T , C:): 2.5 NISSELT NO: :38.6

. ++++ +.-.+}-. F++++++++++++++++.-+++++++++++++++4 ++++++++++++

TEST NO 58 NASAL EXHALATION

A.;S: N I TROGEN DEPTH ( :W) : 1000.0 FLOW LPM) : 5. 0
PATH TEMPERHITURE'.C:: 51. 6 PRESSURE DROP,CM H20) : 0. 1
TALLI TLALL 2 TWALL.- TAI L,4 TWALL5 MEAN
47.1 51.0 50.2 50.3 52.1 50.1

rI NSL. 1 TN SAL MEAN
45.3 46.4 45.9

T TRACHEAI THTRRCHER MEAN
42 1 .42.1

MEN 'ELCI 11 (:Ml E  : 65.6 REYNILDS NO: 16352.1

'TW L' ):L" ::: 8.0 DT:C' : .-. *. -NISSELT NO: 70.4

+ +++ * + + + + ++ + + + + + +l+ ++ + ++++++ 1++ + 1 + + +++++++++++++++ ++
}

+ ++ +

TEST NO 59 NASAL E::::HALATION
iG:OS: N I TFOlG'E [ t'EPTH , (F- ) : 1000.0 FLOW LPN): 18.6
EHTH TEMPERATURE(C, : 51.5 PRESSURE DROP(CM H20) : 3.5
TWALLI TWALL2 TNALV L WALL4 TWALL5 MEAN
42.2 51.2 5_ 49.9 52.1 49.1

TNF'-HL1 TNA ML2 MEAN
41.4 4 .1 42.l3

V TRAC HF R 1 l ' HEFI MEAN
:t. 6 3572.6

-rFt'N ,ELn:I l'. *I. E' : 4,. PENl t I i: t4 :82'9.8

DTWHT LL'. : 2.5 DT, F : . , NIi . 1 5&': ...N. 39A.1

h" $4 * 1 4 " 4 '4 4 "t + + 4 I + 4 + + I1 i 1 t "I i 4 '1 + 1 4 + 4 I + I f ++ 4 f I + I + + " 4 4 + I + 4
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TEST NO bu NASAL EXHALAT ION
CRS: NI~TpOiEN DEPTH 0=S :: 1 000.0 FLOW LFM.: 7.4
BATH TEMPERA TURE;V:: 51 .3 PRESSURE PROF (CM H20): :30
TWALLI TWALL2 TWALL3 VLJALL4 TWALL5 MEAN
44.0 51.0 50.0 50.3 52.0 49.5

FNASAL 1 TNASAL2 MEAN
42.0 43.3 42.7

TTRACHERI TTRACHEAS MEAN

MEAN /ELDCI T''& MV EQ): 97. 1 REYNOLDS NO: 34201 .

IJIWALL K 1 : 11. 7 iT (C:) 4. 9 NIJSSELT NC': 93. 0

TEST NO 61 NASAL EX:HALM.1ION
CAL: N ITROGEN DEPTH P3SW': 1000. 0 FLOW '..L PrD: 15.'9
BATH TEMF'EFHTLIRE C:: 51 .2 PRESSUF:E PROF (CM H20):: 15.23
TWALLI TWALL2 TWALI3 TWALL.4 TWALL5 MEAN

THASALl TNH ML2 MEAN
?83.4 .9 -9' 2-I

TTPHCHEA1 TTFM' HEA: MEAN

MEAN YELOCII 1 ' E') 20. FREYNOLDS fNO: 5109V.?

rITWFLL(I : J3. 4' 4.uJ Nil ELT NH.: 12

++t+~,l+ + tffifi tt44 l+++1 4.[ii+++tt4+-t 4-+4-f+++It4t++ti lull

TEST NO 6 NASAL L HHLAHTI' '

;Ab: NITROGEN DEPTH vSW): 1000i.0 FLOW L'PM): j2..
BATH TEMPERATI FL ' 51. P RESSURE PPK, 'F N 04nf
TWHLL1 TWILL2 TWmLL3 HWALL4 TWMLL5 MEHH
41.4 50.6t 49. 7 49., 5: .4 48n:

FNHA L 1 TNASAL2 W All
35741.1 40.4

1 TFHC HEAl 1TRACHE~A MEAN

v. 4 36.4 3:5.4

MEHiN VELOLK'. C 1Ef 160 i AI R.1 PFYNLVJ NOi: Qw:9A.t

['TWALLKCQ :12.v IH00.: 4.0A N.~L 1osi Nu':

P4- i f f f I,14ffff4 1+*+ +t+P1+1 ~ 4- f.+j 4 'I41+Ii
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UPPER RESPIRATORY TRACT

NASAL/ INHALATION
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FES NO 11 NASHL I HHALAI 11ON
GAS:DA IF! DEPTH kKWA 0.0 FLOW. ('Lr It<

BATH TEMPLF:H1UPE(L.: 50.6 PRESSPF IliP'-M H2'J
TIJALLI TWALL2 TWALL3 iTALL4 TL4ALL5 MHIn
44.9 49.9 49.9 4.9. 51.6 4'.

TTRA'IHER 1 T I HIHEW MEAN
47.5 48. C. 4 7. 5

MEAN VELD IT>' M/SEw:30. REYNfllbr HO: W,2.1

DTTAL 1.C): 9. 4 iT' .7 Ni.JSELT NO': >U. 4

VEST NO 1c'. NASAL I WHLAT [ON

SAC;:R ADEPTiFH Li!: 0.0~ FLOW ILKt1 1Z <

BATH TEMFE F I UFFrQ 50*: FFRI 1F E'F OiM H2: u-'
FlALI 1 WHI~LL 1 YAL IA- uWL. 4 1 WALLS MEHE l

43.5 50.0 50. 50A S 51.9 4.

k!VNHtHL 1 NnHiAL MEAN

LTTR:F{HEAl iF HI E H MEAN
46. 6 4 G 46 6

MEAN ''ELI''? I [i '4I : . I.h RFYNOLDTIS. ILO: 3. 4

fIVL~[L'': ii.m Di''0 nii4 HHqLI ii: C..

.f44+ + 4 + F +1 + 44 t I t4F + i I i +. + + + r +

00i NOI' 1> ISHI lAW N' lHH
'in>. , DU CH 0Iii F. [1 :0 I F lui . ' 4
i.:IH fEMEQi~lHV Ca 4q :: IfT 14 JWHiI h H 2W U,3I. I'
ILW I I .1 1 l~ I' m ill- I I r~ I 1 I 1 l I I Lii 01 I'

42. 4Y 7 51.

' hf l 'Fi t L i' i f f . ,ill, Ii

' 4f+Fl +4Fi + '1', ~ . . . -l F'4 1'
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TEST NO 14 NASAL INHALATION
GAS: AIR DEPTH FSl : 0. 0 FLOW ,LP'M) 59. 1
BATH TEMPEATURE ': 50.. R FE:ESSUP.E DROP CM H20 :: 0.5
TNHLLI TNHLL2 T..RLL- 1NHLL4 TWRLL5 MEAN
42,3 49.6 49.6 4'9.9 51.5 48.6

IN HLI TNA AL MEAN
.- 3 .4 :- . 6

TVF HACHEAl TTF IR HEFI MEAN
451 46.6 45.1

-J..ELIMEAN ,, - T ,TI CM SEC : 7. .E-6,wL RINS NiO: 6:340.6

ITWAL L ':) : 12.-0 TK ') ' .5 IUSSEL NO: 41.4

+ 4- .. +++ 4+ -+I-+ -++ -f+ -+ + + + + +.++++- + + +++++++++++++

ih i NO ' :., [L .NHALATIf'
-'F IR lEPTH F I . Li FL W 'LF'M : 79.5

'BAL-HIH fEF I. I HF . Li . I .F lIE F''F' ,I 51 P"! H20): 0.9
'TH L.i T LHL I, I. THLIL 1LL L. MEAN

.3 49.6 49.' 4'.9 51.6 4 . 4

SL IItI FIl '! I '-H~i:;ll HI !. I:. II
n5: 34 . 5 .:,2:

4TPH HEHI1 Rfai : [i I.1( -I

f , i.II iVr 4 4F14

I Hu Il il I I ' 'I l . li I 1 Ih

HIH I .IF ,. I I .1 : F ' 0 1 I .fIF. I:PES.IUR:E. : 1, H20): 1.2
~ilLh I" I No I =i I 1 WALLS MEAN

4.. .:! . ' 1.7 437.

[.I ' llIF I II 1 'r ii IlH NE 1 ~~.i i

'4 , -4 ,5 . -

['I' II ii[ [if NE

Ill ' LI: I ,fl. :C*1 II'I';i-i: ,.o. 4

4 44 11 4++ f + 4 + U5.
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FE I H.l 1 1 IIF' fi HHHLH 11.1IfI
P H :1 F tH 'F '.1 , ' F H M PE I t,

':HTH, TEi"lfFmP I 'I. :: v _: : 51.Z ,,P :F'Ftt!:'..I.JV ~ [1IH.P', H ' H:

1 ift F. 1 LWI-IL Li Th 1-.iLL I 1 (AiLL4 T .i:.LL 5 [I lI.I
41. 49. 4f. 7 53ii. H 51.> 4:

I f-H'A . I[ I [ lI' .EIL F.
:4 , . -i

S .' 1I + + f 4 + + I- I ' 4 1 1 i I V i I I I' 1 1 I i 1 1

I '9E I 1 ;I: f:l',rIL I IH AIL H i ]iol

i(:.' H I FF111 i:- H 1. IUH LI'
EF:HTfi TEIHf:'LF'ni ! 1. . '.':; -:-i I : [ .i .IIHF':?!' : . ,BiA T I. T E . FLL. M ['Ci I Ii ..'

T,,LL T W HiL I I A I T i.. L ' f I If1
42. 1 5fl. H:: A) ;I. U 

I 
t .,.. . .si: .

t"NH'5l ~ l.. 1 Hr 11 :i . Ifi-

[ TFH'l HEn "1 P', HE. F, [I Hi
442 4.. 1 44.:

iM E iH:iH ,,' L.. ,, l :;~~ 1 tS ,I P: I, 0 1,'i.i I,', til1 1 , i 1 ..

[II1'W A L L , .' ::., if,. ,,': IT ' i:: :; I i', I I I: P:',

I + 1 , 1 "1'1L- I I I' I t II .I i [ 1, 1 1 4 i 1 1 1 I ' - 1 + f

Hi'E ft l T'f 'L i I f l'. [" '"l FE I lH t ['''.!111'": i.r
liH I" .1 I LIII ' H 1i .I 11 I'll "1,

FH l,:: I 1 -I : H It F . : i , I Itt 1 1, i, 11 !11

,4:;'. 4:"'s' 44 'in ,: ,.'. 5 1 .A :':

TFHL t I r itFV! If Fill4.

I F'lli: EHt. 1 IiF'ii't l.' L Jit
45 ,  C: ,' ... 45.. .5

. IrEFtlN '.,lLll I ''ii ', i ,: ;..:'<., FL 7, 1)II *-. lb : Ii ',t .. U

I
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I' hfl4-t'HIHLflT I 'DL
it I-! [- I.~ LOW ':L.FI : 40.1

S Er.,,,., '1.9 PRESSURIE FPIDPKICi HI20):: 0.2-

1 ir wr ILTHL iwIL'4 IWALL5 MlEAN
:1 14 5 .4 53.1 4 9.

sh L I iHH EL ME-AN

* I~EH VElLuQY( Aka 526. REYNO' F fuLDS NOi: 5,45.5

''1 L(M io DT(Q 12.6 NUSSli i EL NOLI: 4.,-

i-i&El. lull DEPTH '.FS'Ki: 0.0 F LO-W '..LFM) ::3.

BHfIH TLVII- [ iIfORE' ., 52. PRESURJE i'R'DFK C H20): 0. 5
fI I II I 1 w Vi t.L. fL- 2 J[LL !WL 4 TWHLL5 MlEAN
40.7 51.3 5. 51.4 532 4.

I II HiI TNH Hi i M N

[ TF'iiHEM! TI FitHEW MEAHN
42.1 49.12 47.1

NEVI ''ELtiuIIY&II/SEQ 107i. RF-HOLIJ NOl: 11 12.E

ill WIt. : '5. 9 D& M'~ ) 1 3.4 iUJ3SELi NO': 8. 5

MI NO'2 NASAL INWHA-LAT IOil
'41HMIILIIIi- D'EFTH 'H 0m'i. 0 FLOW KLPM'.:: 150.4
PHlIo TEMIiFFE IEV 52.0 lPR''H E'SUF'E IDF'' Cii H20) : 1.2-
fWIt 'lCI f iJfLi..2 1 WAiLL TI t!14 TWALLS MlEAN

.441. 50. r5~1.1 51.0 52.9 49.4

I ?IHI nIi TIRA' EL MlEANI

,4"h-.'M ' ',; REY'NOCLIIE 11i: 0146.0C
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TEST NO 23 NASAL INHALATION
iAS: HELI LIM DEPTH FSW; : 0.0 FLOW (LFI1'M: 76.0
BATH TEMPERATURE',::': 52. 1 PRESSURE DROP'CM H201: I. 4
TWALLI TWALL2 TWALL- TWALL4 TWALL5 MEAN
40.4 50.8 51.0 51.2 52.8 49.2

TNASALI TNASAL2 MEAN
3.7 :34.5 34.1

TTRACHEAl TTRACHEA2 MEAN
47.1 47.9 47.1

MEAN YELflC: I T' " (CM/SE-: ): 997.4 REYNOLDS NO' 1 03::.9

DTWALL(C:): 15. 1 nT K(C) : 13. NLISSELT NO'!': -. 1

..............................................................

TEST NO 24 NASAL INHALATION
GAS: HEL ILIM DEPTH , FSW-: 0. 0 FLOW LF') 5.7 '-
BATH TEMPERATUREKC-: 52.1 PRESSURE DROP':. H20): 0.3
TWALLI TWALL2 TWALL:3 TWALL4 TWALL5 MEAN
41 0 .8 51.0 51.1 52.8 49.4

TNA.ALI TNjfAL 2  MEAN
36.036.136. 1

TI'RA:HEA Il TTRCHEA2 MEAN
4:.3 49.1 48.3

MEAN ''EL''C I T ':1 CM. 'SEC ) : 691.6 FRE'NOLIS NO: 71 6. '9

IITWALL I : 13.3 ]T'C: : 12. .3 NUSSELT NO: 6.0
+ + + +++++ +++++++++ ++*+ +++++++ ++..+++ + +++ ++ ++4.-+++.+ ++++ +++ + -++--+ r + +

TEST NO 25 NASAL INHALAIION
GAS:HELIMUN DEPTH ,:FSW>I:' 0.0 FLOW .L.F1r'I: 15.2
F:ATH TEMPERH TURF' E-: 52.2 PRFESSIE 1F ROF (CM H20 ' : 0.0
[WALL 1 TWALL2 TWALL 3 VWALL4 TWALL5 MEAN
45.2 51.0 51.1 51.2 52.'? 50.:3

INAFLl TNASAL2 MEAN *1
4 5. X- 8.2 42.0 '

TTRLA HER I TTRACHEA 2 MEAN
50.2 51.0 50. 2

iEAi 'EL I J ' LJ'1 '; E41': .! , REY OLN I' NO: 2 b.::::

1' IL.JHL _L . . :: Ii ' : :;: 0.2 NUSSEILT NO: 1.'9

1 4k i+ +4 f I I i + I i ' w 4 + I A + 4 + f++++++++++++.+4.+4+4 1-+4 A +++ 4. 4 "+

im. "



251

lEST [10 26 NASAL INHALATION
GA:HELIUM DEPTH ':FSW:' : 0.0 FLOW 'LFM: 27. 2
BATH TEMPERATURE' C.:: 52. 2 PRESSURE DROP CM H20) ; . 1
TWALLI TWALL2 TWRLL3 TWALL4 TWALL5 MEAN
42.7 51.1 51.3 51.3 5:3.1 49.9

TR.SALI THASAL2 MEAN
42.8 35.9 39.4

TrRACHEA1 TTRACHEA2 MEAN
49.7 50.7 49.7

MEAN VELOC I T",,: fC."SEC: ) : :357.0 REYNOLDS NO: :70.0

DTWALL(C): 10.6 1T (C): 10.4 NIJS.ELT NO! 3.3

+++++++++4-++++++ ++++ ++ +++++++++++++++++ +++ +++ ++ +++ ++++++

TEST NO 40 NASAL INHALATION
GAS:NITROGEN DEPTH :F:W): 200.0 FLOW (LPM): 12.5
BATH TEMPERATURE(C): 52.0 PRESSURE DROP(CM H20):: 0.2
TWALLI TWRLL2 TNALL TWALL4 TWRLL5 MEAN

4. 4 51.0 50.8 '1.0 52.3 49.7

TNHSHLI TNASHL2 MEAN40.0 40.3 40.2

TTF.AL HEAl TTRACHEH2 MEAN
46.1 47.8 46.1

MEAN 'ELOC:ITY(CI..SEC): 164.0 REYNOLDS NO: 9286.6

DTWALL(C): 9.6 PT' :: 6.0 NUSSELT NO: 54.3
+ ++ ++ +++++++ ++++++++++++ +++++++ ++ + + + +++++-+ +++++++++ ++ ++ ++ + ++ +

TEST NO 41 NASAL INHALATION
GAS:NITROGEN DEPTH ':F N.': 200.0 FLOW ':LPM) 22.4
BATH TEMFERATIURE' C:,: 52. 1 PRESSURE t'ROP(CM H20) : 0.5
TWALLI TWALL2 TMALL: T!.HLL4 TWALL5 MEAN

::9.3 51.2 50.8 51.0 52. 3 48.9

I NA LI TNASAL2 MEAN
35.5 :36.4 36.0

T1 F'ACHEA 1 T TPI HENS MEAN
4 2. 44.6 4 2.7

E HtI ,ELCITl17' CM I: :' : :4.0 REYNOLD&'2 NO: 16641.6

II W -LLK 'I : 130 . IT' k: 6. HISSELl NO: 81.-3

4tl* ++ :4. -++4'ff++*4+f44-r 4l4 +*fi4f1I+-+++++++q 14++++-f4+ws
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IF[SCI C 4C IHSHL I 4HALRI I ON
NF!: f I TROIENI I DEPTH .FS.: 200.0.I FLO. , . 26.3

PHTH TEMFE C 5-TLJPE :,: .2 PRESSURE IDROP. .l H20) :,:
TWFILL I TNALL2 TN ALL: TWALL4 TWALL5 MEAH

:37. 4 51.0 50. 6 50. 9 52.3 48.4

rN WFA:;AL I TNASHL2 P1E A N
.4 :34.2 :33 3 

F I IF HEHl I TT RAIHEN2 MEAN
40.5 42.7 40.5

MEH -ELOCIT'':.C.1 :-EC, U. .0 REYI',NOLDS NO: 31.5,6

*t hI N-I.,I *: : 14.6 ri-F,: ) 6NUSSELT NO,: 92.0

f -+$4 .... 4 1,-+ + +++ -+ + .. 44 +4 +4..- ..+++++ -+++++4.

Ft N'O 4, II ASAL I 14HALAT IOH
•4 ;H- . NI TROGE(4 DEPTH 0F:': 500. I FLOW ,:<LPM): 45.6

PFIiTH TEMPEFARTUFE, C: 52. 3 PES'.SURE rR0 P 'CM H20) 1 I.
FNW-L. i T-ALL2 T W AL Ll:H I L 4 TWALL.9 MEAN

-.. - 50. 0 .5 5.2.2 48.1

T 1 TIA S AL 2 rIAE AN

f P RL' HEH F 1I1: HE H EAN
3::2.4 C1 4 .E.'::3 6

MEAN YELO I i nL . : '- 4 E" NI L tC ',-'.. ... . 5

D. TI LL ,' . .i i .... ;I ELT 'I: 1 o 1 T

4.+1' .+, 4-4 +4 +t + -+ 4 1-1 + ' .I -I - -+ 4 . t .I 1 4. + 4 +4 4 + + A- 4 I .. .. i+ .I, + . ++. ... ++4, ++4

rE. I :'( N 44 I f -L I IHHFL A TI ON
I;AS: HEIlIPH liEF"H iN.Ei', .-'i . FLOW LLP ' 23.

bF1.T H IEr'IF .P 1,1.1 P ,. C, 5* . PFl V.:1,RE. PROP',CM H1-20.)': t
TWALL 1 TN-I L, T0NLL IWIL L 4 TNnL.I.5 ME ANH
42.0 5 1 4

FNH TI 11 NM:-L L ALH! 3 , F :'8.0 3 7.4

TI I -i-vHEH I 1TEIICHEN,2 NF'IR
C .4 47.0 45.4

*.+ I -t L J r'' ii '+. +,: +I E ",N iL I'.; +, +. +. 6



II

253

11' , H' 45 NASI IHHAL HALI 10 i
A', : I EL II l1 DEFT H ., . ,_,F ,

i:I H E ' E I I . ,: : . ' 2. r F[AE -LF:,IF.'.R D-P F', , H2U C: • -
THL, i T HL L I TA I" . IT: [LIFI L d T WiAL L 1 lE ANI

,-. 5q2.2 5519 5C. 54 

A / '-FL 1T xIL.IEFt

I RAH EI HE F-M EAN

l I.HI H ER 1 1 ... .. .. ? EA

4'.,-. 3 4 6 45.

i AN SvELl.l I . : : ' A [:E'Nl II' O [4I: ,.1IEL 1 1

I I I .IL .': : 4 4 iT '' ' U.' ;'. . 1 HO-I " .,

.- + +4 + + 4+ +4+ 4- 4- 4 + F +-4 -1 + 4 4 + 4 1 +4 4 ++ ++++ + -44 + + 4 4 + I. + .. f 4 + -

I E.-; [ Nbl1 41 A.I- ; I .HALAT I ONl
A: EL IIH DEFTI ' F '.:, 0 0. uD FLO ,: LFr, 49.1F H H T E' . F il RE'.;... C' 5E . I I.O' -['M. H20: : 0."

I. I L I i T . IL [ L L L : L i T .il I. .4 1 I I l [lE A I
4t 1 57,1 4 : . ..... 54,.

ti ll H~I F i I [Il fi i3f:lL.. :Il [!: NIf
',I .1 : ' M11. 1.I

'I II .H( EH: I T I R IA F .H E.I ' II E A 1.
4, 44,4 4:.

N'E -. ''E .. f I"'(IN. :-;E1).: : &44. i4 PE l ]J: lIC: L-f:::I. I-,

I'HAIL .. (C :' : I . 6 1T E L.) : [10. E l " N : 2

+"+4 + I + 'i + V 4 t +4+ "I [, 4'. + " 4 4.-4 4.++ ' 4+- 4- + + 4 + f 4 +4 - +

:.J t. I NC' 4 1 NA'.*.A[L [11HL 1. 'I
~ I; lL Iil liEJ N I IF* P1u. vs F Li:1 'L 1 .: .

E:A I HI* FEl 'E M lif 1i L! T' I. 1'i''.~: JP~j f. 1

TWI: t .I t i.,If-i.. I. T I. _ A LL I [4 Ii HL L.' rI[ fAN,

41. A . 5 1 .-:. 5 4,.:,

rN~i Al THA FL_' HEAN
4,

I I H" HEA H FI fIL HE l1

I I F t:EF' L I FI:CH :L -I f4 :.-44 10 4' ,:[,. f

4i ' f " + 4 + * + I I + lk I I' 1, + 4 1 1

-I1* 41 I 4 .4 4 Pi I ' .. ... .F...4.1.111 [It.....'. [4i ,444
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4~~ Iii U H, 1H ti ijLH V

4 L.If. 54. 5 j

4N..J tI 1 NH II iF t
4JI $1*' HD 40 1 AADi..FFl

<.4 4.:E:. 4 4

HO

11 IFIL] Ht:J Il:i p
54. 1. P .

Ili iAi1.-1 Il 1001, N R

FWl if: FU L~ Ii .H

Hli I [I .. il I h~i) ti Il~i i

Win ~ ~ ! itN H i1 I

* .4 , lik 4:
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li~ NO' 4 IIA::H. [IHOLH[IHII
I'FITOM tPH t 000~i~.u FLOW [Ft: 3. 1

I IJLLi I LL TWiALL3 11491 4 TWLL MEAN
44.4 51. 51.5 5.7 55

[NACHERI TTRAA 2 MEAN
4 F048 7'4 . 0-

- Ii LLM !?it1.5 lI' .0 fUSELI NU: i:*~

TETNO5 NASAL.I INM[911 I P1
GRS: ITR:GEN- DEFPFH QSM 1000l~~i. 0 FLOWi LPM): %C
BATH TEMPERATUREcQ 52.5 PRESSU RE DRO~C H20n I'l.H'
THALL 1 THALL2 I HALLG IUMLL 4 TWALL5 MEAN
41.7 51.4 51.4 51.4 53.4 4z

I NASAL 1 1NASAL 2 'MEAN

TIRACNER 1 T [AC:H-. :1'MEAN
4 n 4 5.4 3.',1

TFST NO' 5-, NASAL I NHmLui I Oh~'

PHIH N EME PH-C 52.ib H -1 11111 .. H W 1111111 1 1111 '

1441 I i LJHRL. TWOl lis 1 I $ & i I ' ! Iif

1A H tI i

4A. 41 4 I A

0 EH VL L C '0 MHOI OS [NO: wHQ;<.'-

DIV Hl A~ I C IL -Q 5, NHSA II T-1 NO: 1, <

4 +f4 - 14 P I I I lt4+ 4--b -I-j I 1 ,4 1 Ff4 411 itl if--, fl-If-i f4 4 1 1
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UPPER RESPIRATORY TRACT
ORAL/EXHALATION



257

TEST NO 6:3 ORAL EXHALAT ION
GAS: AIR D'EPTH ( FSW) : 0. 0 FLOW K LPti) : 1
BATH TEMPERATURE(O) : 51.3 PRESSURE t'ROP(CM H20D): 0.0
TWALLI TWALL2 TWALL3 TOALL4 TWALL5 MEAN
50.9 51.1 50.2 50.1 51.5 50.6

TNASALl Tt4ASAL2 MEAN
47.1 45.9 46.5

*.TTRACHEA1 TTRACHEA2 MEAN
45.1 46.5 45.1

MEAN VELOC ITY(KCIMzSEC): 174. 5 REYNOLDS NO: 1426. 9

a DTWALL (C): 5. 5 T(0): 1 .4 NUSSEL T tiO: 4. 1

-t +++++++++++-s-+++++++++++++*+-i+++++t**t±+++±±+++++* +++++++4-+fl

-. TEST NO0 64 ORAL EXHALATION
GAS:AIF: DIEPTH '.F SW): 0. 0 FLOW KLFH): 20.4
BATH TEMPERATURE' C):'51 . PRESSURE DROP'.i:M H20) : 0. U
TWALLI TWALL2 TNALL3 TWALL4 TIJALL5 MEAL:
50.6 51.0 50.1 49.*9 50.9 50..-

*THASALI THASAL2 MEAN
46.5 45.836.

TTRACHEA1 TTFArHF Ii MEAN
45.:3 42. 4 45.

MEAN YELL"?ITY7(iM/SEC.) 26r ,7 REYNOLD.S NO: 21.6

DTWALL'..'?: 5.0 DT(CI'' . NLISSL.T NO: 4-2

+ *+++ ++++++±++++ff4 ++4+ 4+44++++ 44 i +++t+-i.I-+++++++++4

TEST NO 65 '['PL EXHAL AT ION
3A5:AIP DEPTH (FSWO '0 .0 FLOW (LEVI': .3:1.1
BATH TEMPERA PiPE i 51 .,, PRES5URE DROPC H2iU L1': ~
TWALL T WALl.] V WHLL * V i-LL'4 1 WALL MEAN

50.7 u1. 50.1 4Q. 50.4 50.1

T NASAL 1 TNASHL 3 MEAN
45.6 44.7 4 5.2

[TRACHEAl 1 RA'>HE-.A MEAN
42.8 4 0.? 42;.:

MEAN VEL')' 117< r ri> 1 40:.t R IEYNOLDS NO: o:36.6

ni WALL': K : ;.j 3 1'': : .- :ILSSLI NO: w.]

+ 44 + Ij II . I I f 1+t Il 4- 1li 1 4 114 1I 1 i 1 I11 I 1 1 1111
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IEST NO 66 ORAL EKHALFTION
GRf-: AIR DEPTH (FSW ': 0.0 FLOW (LPN)' 37.1
BATH TENPEAT I'EC): 51.2 PF:ESSURE DROP(CM H20): 0 1
TIJALL1 TLALL2 THALL3 TWHALL4 TWRLL5 MEAN
50.7 51.2 50.3 50. 0 49.9 50.1

TNASHL I TNASAL2 MEAN
44.e 43.7 44.2

PT.A'?HEA 1 TTRAC:HEA MEAN
41.9 .9.6 41.9

MEAN VELO': I TY ( C'SE,:, 48:6. FEY'HOLDS NO: 39:30.3

1T AL L ( C) : :3 2 iT : .: , 3 IISSEL T NO: 12. :3-

T EST N O K ORL E::::HALAT ION
A IF: DEPT H ': FSW : 0. 0 FLOW , LF'M ': 44.8

BATH TEMPERAIRE (C): 51. 2PF:ESSUIR EI..F (IC ri H20 : 0. 2
rALL 1 TLALL2 TWALL TWALL4 TWALL_ MEAN
50.6;; 51.1 50.0 49.9 49.6 49..:-.

TNA;HL1 THAAL2 ME AN
44.4 4. 9 44.2

ITRFACHEN I TTF Fl-HE2 HENH
:3'9. 9 40 i9.-

MEAN VEL IT Ir' .n.. :5;E: : "" '9 F9EYNOLDS NO: 4:806.4

DTLJALL. Y : ) : ' 9 4.3 i EL T I': 23. 1

I-+ + I- -+++++++ .+ 4- 4 +. + +. 4.4. ++++ ++4- f-- -4 4+4-4- 4-++ 4 ++++ + +++t ++++++++++++

V E i'T 6:3 'F AL E HALAT I OH
GH'l :D-PIP 1 TH , FjLI:'' 0.0 FLOW :.LPM.:: 72.8
BATH rEMPEPATUrLE( : 1 FPESS-URE I'F:OP(C: H2.:': 0.:3
VIlHll. I 1 THAI .L2 THHLL.: T HA IL4 TWHLL5 MEAN
50.6 51.1 49.8 499 4.3 49.7

I NHMI IN.H HAL2 HEAN
42.:: 43.5 42.7

1PHI HEHi TI PAHER..: IEAN

hi At V'EI 1 1 '', ' : 4,. REYiOLD S tiO: X10.4

11 1Wfi I-' . j- I;T .wSS'>> tiNfl H: 38.0

1 + i- 4I I I 4' 1 4 i f-f t44+ .. I -tf4-4-4++4+4.-+4 4-4 4 t ++++4 +.4- {+
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i i .I r . '~AL ,H L Hi I iN
At. 1 'LJ IE H E P t W .1 F L.Cl :LF'ii : 6 1.4

[ t', i H EMPk I! MI,': R1 FFEES IE El RI.E C : P, M H21) : .
,.it u1 [wIL 11T4AI L I 1 A LL 5 MEAH
5fK 5 ..1 0. 0 49.5 49.7

i L Fi:..I N r fFL. E A H
4 .. , 4.1. 4 .

I FRAl HEHi I TI H AIF [EAN

at•H ""L Li', 'L6.' . :-'. , . 11 . 4

r, E M i[R HAHLr,. L ': [ : i . i, U ' E It 1,R ELT PtI: M33 2 9

TI 4,]H ..... I L, L 4- l' + 4 IL L :i .I I 4 LT :.,. + + + A+-++4+1+W+ L L.+ + M+E+

5~~~~~~~~ 4 4l 1.29.5 : ,., .8: 49. -4:

111-41. 1 -r t H AC ' A L :. H AEIM T '

, I .'E4 I. ,:' F:2 . F',-: El): 5

I --' 42 , .

'L, 1 RA~ IF T H HEH Z LF lI
A.. t

il , L.'.: L I L 7'' i ' 4 1: j).. kE .['J .'':' N :V .F'1l, 1 F' .

H 1 H l' . :l ': . IF ' 1 : IF It I ." L 1 4 '1 [ 1 1

It IF I I i 14+H. }. lifFI II j 444 :t *4. 1+ Tr .F+It il+ -+iff ++l+ 4

I [Ii1: I HO-i I' .:l iFi.~

t+I +f k + +i +lI i 'I. ~fL..I' I11P14 7 1++FK+ 4if4+-2'-L1+ 4 1.9f+ f

Htll to I ll i.i F' I 1NI
41.. .4'. . 442.

It HL 4E-1 1 I t ' It . & .' l

:, f l I

'~~~~~~~~~~~ ~~~~~ +1 I+ '.+L 1+ 1 ,4 1 1 4! 4 '1 1~., ', 1'':,tO t:.HU F,,
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1TEST NO'72'ORi L.,P [ FRLh I IUH
I;AS:HELIUI1- LF.PfH 'IH, m.0 12 FL''L tI ub t
BATH TEMFERATlJPE'A 50:9.-,' FEE SLIPE DRIFIII I H20).: Li,
TIJALLI TFJALLZ I WALL I L L4 TIJALI 5 MEAN

49. 1 49.6 '48.? 4 +.0 48.6 40.':

TNASAL 1 TIM HL2 WEAN
40. 41.:: 41 .4

TIF HIHEMI I F -i'HERS MEANI
41. 34. 41.9

MiEAMN VEL' 'F' 11 SELO I 1162<.7 FLH~o NC[ I. 4:

DITWLML(CV: 7.4 un I : LI.1 [FLSSEL I 4O: I

* . <4 ?1++++4t*4++4+++I44fI-f+-tl- ~ fft++1-+++4+tHI-t .+41+11*44+4+

I EST NO [ N:l*: ORA-L ES:HALFI IKH'
7 GASH~: HELIU D FiTEPTH 'F 41 : 0.0 FLIII .Jjr

BAiTH TEMFET 1 E: C : :50F.7 PRESSLURE DRIFUF' Kul oiHI. I .
TIJALL 1 TNRL.L2 TFJHLLS TWAILL 4 IWALL M ER!l

49. 49. 48,8 49. 43.1 48.';

1MM HL I [NASAL? MEAN
45.1 44.9 45.0

[FMI CHEAi TTRFACHE ii MEAN
45 :-- 6. 7 4 5.

MEA-N VEL'''Ill.. SEI.+ 24.P:F RENL HO:. Yu.:

IITNALL' C : 9.9~ DIII' I .0 UKEL: NO: u[1[II'

++4+l+++t-,f l++ii-+r+ 44414 :,.*1++4+14I liitiftfIt+*4+

GSHEL 11111 1FFTH K[<[ : .0I FLO [ ,4 'L rH: 124.:
BATH TEMPERAFR0 [L~kE 'PFRESlIFE TIE I li H2l0 : u-
TIJAL Li [LJHLLS 1 Nt-I LA I WHiLI iNMILL MEAN
48a.8: 4Y'.5: 48. 5 '.0 48. 8 .

40.1 41 .0 40. t

UFPiC HEM 1 '1FR'1HEm, MlEAN
39. cL 29. 6* 9. u

DiEfW'LC'' IIo~ L1 I M:4
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TEST NO 75 ORAL L HAL AT ION
GAS: HEL I LI DEPTH ':FASl : oi.0C F LOW L Fw: 211. 7
EBATH TEMPERATURE...:?: 50. 6 PRESSURE DROP<M H20): 0.-1
TWiLL 1 THALL2 TLJALLS N IWL 4 TIJALL5 MEAN
47.6 49.9 48.5 48. 48-.3r 48.4

THASAIl TIN HL2 M1EAN
37.4 390 8.

TTRACHEA1 TTFH' HEMR MEAN
36.627S 6 F.e

*MEAN YELOCI Fr ('::rSE') 275. i YNO S JN: 0679. 9

D'ITIJALLa::': 11.8E liT'Q 1. NSELF NO: 4.::

++++++++++++++++4ff+4+*+++4+4+4t±4t+++t+.+±f+4++[4 t44+4+4++

TEST NO 76 ORAL EX:HHLAT ION
GAS: HEL IUM DEPTH (P5W): 0.0 FLOW (00W): 106~.'-4
BATH TEMPERATURE &i: 5 0.6 PRESSURE DRIP C H20):': 0..-
TL'ALL1 TWALL2 TWALL:? TWALL4 TWALLS MEAN

V'483 50.0 48.4 48.5 47.7 48.:,>:

THASALI TNASAL2 MEAN
40.5 41.4 41.0

TTRACHEA1 TTRAI:HEA2 MEAN
41.2 37. 41.2

MEAN VELOC IT' ::CMXSECI) 1 402.9 REYNOLD IS NO: 1454.21

DTWALLC): 7.:3 DT (Q): 0. 3 NLISSEI.T NO: 0.6

++++++++++++++++4ffffff++++++.tfff+ ffff+ +,4 + ft+fl+
4

TEST NO 77 ORAL EXHALA1 IOH
GAS: HELIUM DEPTH ':1FSWA) 0.0 FLOW '.LFt : 41.0I
BATH TEMPERATURE(KC : 50.6 PRESSURE DROP'.CM N20) :n
TWALLI TWALL2 TLJALL3 TWALL4 TIJALL5 MEAN
48.7 50.0 48.4 48.83 48. 1 48.4

TNASALI TNASAL2 MEAN
44.6E 4 4. 44.7

TTPAC HEAl. TTRi HEH2 MEAN

NEFIN 'YELOuI ', Li.C; 5it . RFwNukpis Ho;:Vi

DTIJFL.L.. : .5 ::I(c) ' . 1 Lh0 %E Iv NA~: 0..,

+ +4+ +-. 4+ *+ +I ++ + + +4+ ~ + +: 1 1 1 [+I I 14 +4 1 41 411 4 1I
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IE-I 1 N' u 10 ,i 'RFAL E':HAL. AT I ItI
H NITR:O1L- I'FT H .S:: 200. 0 FLOW ,..LFT1) : 58 :

F: A1T H TEMFE: FAT..EC : 4 M P 5 R.E 5 F SESURE D RO 'ClC M HE'Df' :2 0 0
fU,1nLL1 TALL2 1M LL:3 IRWALL4 TJALL5 MEAN
54.0 54. 53 7 53. C 55.2 54.0

H A Ll T I IM.:; A L.:_' ME MEAN
4:,. 0 4:.. 4::. 4

Sl ALH EA1 TTRACHEAu HEANH
45.9 47.3 45.9

ilEAN ',"EL. I rIf':'r, SEC:,: 7'6. I REYNC]LID'1- I0 1 :- C09.0

, I. : -,': ' 1 T:I::::, 2.5 US'ELT HO: 15. 0

I r I I It " I r i + + I F 4 4 + 'l""1"+" +±++" +.+++ .+"++ +--4.+ +" +++++'"-++ ".. 4f +

[ rk' Ii D F 1 2ln . -Ht AL F C'1 1 Lti' [I N i Ii;IrH;iN:: lE FT I " :,.. 2 00 1 : :t FLO Hl KLF'iMI": 2 6 . '9

N:,i H TEHPE::-H Hf , ,: 54P E F E ;;iFE :fOF' ,: HE '): 0. 0
THAL. IL T N.A L I... L ' II LL [ WlL LA T WILL5 PIEAN

I I N h L 1 'r H L. E
,45.f; . 4 o 2:

I T EA: I' H E A 1. T RFEI HM E :N
43,S 4 42.5

['IJ AL[ . , : i h ,' '".,: : , ,' III <FL.E Nilt: :"5,.. tj:

1 31 T 7' W1 2 D I I K E .. I ,L F':, 6. 1:

I~c t i f [FU++ +ti 1A rE I 'I IA: I o + + + L + W +. 4 FM+++):1 4

E[lATH TlEMFEF~iI AIIRE :' 7 F4 . ' FV ;:Et2:.;:, I i j"F .IIJh4 P' tyL N H2ll..' : 0. 0
4HA....... WA ,LS: T VI L. I 1 L. TPLHL MEAN

...E : . ...... 1: 4 .. 1 : 11 R, P , H

IH AtL. 1 t HNMH L MEAN

1 1 RHI HE H 11 T' h Pt HEN MEAN
I : 4T. 4 45.:

Ni- AHlI F '.. I F', 1iW,,, 'I[ : ::'-'9*- IPEYNiiLt fi§:i NHi 'A,0 .'4,

f'ILI I I EI I I ' I NtI:"'U, 41

i'14i+ Ii .1 1 jl 4 11 1t 1 4 f+t++4 t F.f4 1 1 + 4 t+.+. . ++
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IES T NO 107 ORAL F>:HHLH f -IN
N I'TREITEN DEPTH :FS,.: 2uu. FLOW LF'N: I 0.- LI

BAIH TEMPERFiTURE,.C;: 54.6 'RESSI'.E DROP '..E H20 i: 2.0
FWALL I TWALL2 TWALL- TWALL4 TWALL5 MEAH

t?:. 7 5. 0 53.6 5.1i 55.' 54.0

tiN FisL I IN SL MEAN
4-.3 4 7.1 4 6.i

TTRF C: HE A I r'FAiHEt, MEFN
40.I7 4 40.

MEAN ,,,tELOIE : I 1CM 17-0 -N SEYNOL 3 NI: VI29.3
DT.ALL,: C : . PT,: iJUS EL- NO: D3I:1,.5

+++ 4-++++ + -+.- ++ i-++++4-++ 4-+++t+ ++- +++++4+4+i-++++-I +++.,.+-- -++ 4-1 + +

'E S" .RA :.

T NO 10- HRA E>:A L.ATI I 
F GAS: N I TIRO1EN DEPTH KFS. : 200.0 FLOW -.LPN): 16.2

BATH TEMPE RATURE :,4 . 6T PRESSURE DROPFK .riM H20:: 0.
:WIL I T 11y.2 L- T W ALK TH:'rWAI LL4 TALL-5 M-1E AN1

5 3 5.1 3 5.8 551 5 3.9

IVNAS..AL 1 T tIA SH M -2 1EA N
44.3 45. 44.8

TTPACHEA 1 TA1RAC HE' MEAN
41.9 '38. 6

MEAN ',/ELO:IT' I- .c;SE .': aO6 RE"NOL1S [O: 12035. 4

DINALL (..:,: 15.:3 1T:(C) 6. NUSSELT NO: 56.A

-++ i +++4+ + +++++++++++++A + I 4-Ii . . + +.++++++++++++ +++t++ 1 +1

EST 140 10 N3 ORAL E ,.HALAT ION
GA C:N IFT F N DEPTH "F:: 200.0 FLOW ,:LPN): -5.5
BA TI TEMF'E RA T 11RE:CI: 54.6 PRE ;IJRE DR OP, : r-i H20 :: 0.3
'F A HI T ILANL L I WAL.? * 'I fl1 T WJALLS5 MEAN;1 NILIo4  T FL25 . --'-L25:. t ' 1FL%, TN L55:3 'A53.7,

I 1411 L. 1 TNF' A L E A N
41.1 4 .5 41.3

r TP.'.HEA 1 F F HI EA ME AlN
I, ," * 7 .'7 3 '

IEAN VELEO':; IY.17:1-H 465,. RE '-HOLl'S 1-ilL :'4 . 0

+T HLLI. '" ::.0 tT , I f: 1, 1141: -1,E. 11 .I 4 + I

;-+.444+4 t '- " I' .'l' +1 t *4"4+- 4+4"I-i I I I-I ' III I 4414-41 I 14 11 411-1 p I I
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KH NFL- i'' lEPT vVY'.i*fl: '@u.0 FLOW LPN.): 11.6
F HI H I ENFEFvI IRE 54. P FRES&SURE hF'''F .'1 H20):' 0.
TWAHI TWALL 2 1 NHL[ IU 1.. 4 TWLL MEAN

536 55.1 53.7 53i 55.1 5.-

TIASAL 1 TNASAL2 IMEAN
46.9- 4 6. 8 46.9

1 FRes'HEAes 1 I -H'HERtK MiEAN
45 47.1 45.

NH H VELHQ:1rLi''.S.'F' ' 191K:: 4- NifLD NO: I HKA'

lDTkLt V 4~: P. Ily DK : . I Ill Li NI I.

*h * t KI-tttt-14 1-f4 + [1f+4 i4l-ritf-4 -f fsti,-f-+1i i-,l11 -

VEt F NOI ll1 i 'i 0111 E Hil TlION
mn'-: IEL I UH DiEPTH 'kw 200.0 HLO LP El05. i' jj
BAFTHi TENFF100UP014 54.1h PE 'FE lYLE' LI H20': : o

WI . 1 T1Wifl. Lb 2 iWLLS I NH'I 1 [N TWA .' [lEAN
4 1, tn n .v 51.c 55.0 54.1

IIIMtLI h 1 i. riE Hll
'[4e0 41 4.5 44.

I-R C t .4.' H~ -,~ '-'1

OTWiL~L(CAL.': 15, r ~: NIISIL 1 I IHl: ?1.)

FElT NO 112 ' 'F-I LKHAL..Ai [U
.4AS;:ELIN DETH -0 15 : .300. 0 FLOW PN FF1.' 5.2
BTAT H TEMPERA T LRE ' ' 14, PRFESSURI E IIROiF' H2Ha,'': 0.0
TWILL 1 TWALL2 TWlLI ]WHil0- TIJALL5 MEAN

IN .- ~ 0. t - 0I I -

4 7 . 4 Q.t 0i .47..

rI H I Phnt H[il Ii F-t [I Ii ' I
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TEST1 NO 113 ORAL EJHALAT ION
AS : HELII D EPT]H ' F 1W : 200. 0 FLOW k LPM ): 24.t5

EOATH TEMPERATURE(C): 54.8K PRESSURE DROP K M H20) : 0.0
TWALL 1 TNALL2 TUJALLG :3 1WALL4 TWALL5 MEAN

TNASALI TNASAL-2 MEAN
46.1 46.1 46.1

TTRACHEA1 TWARCHE MEAN
43.1 43. 1 43. 1

MEAN YELO:':I TYKCM CEC : 3:21n REYNOILDS NO: 2237. 1

DTWALL C:': 10.7 DT (C:): 3.0 NUISSELT NO:T.'

TEST NO 114 ORAL EX:HALAT ION
GAS: HELIUM DEPTH <FSW 3: 200.0 FLOW K LPM 3: 9. 1
BATH TEMPEPATIJRE(Q:: 944.9 PRESSURE DROPQC'M Ha2].): F 0
TWALLI TWALL2 TWALL3 TWALL4 TI'ALL5 MEAN

53. 5.:3 53.6, 53.1 55.0 53.9

THASALI TNASAL2 MEAN
48.9 49.0 49.0

TTRACHEA1 PEFA' HEw2 MEAN
4 7.6 44. 0 47 6

MEAN YELOC ITV (cr1 E' 119.'4 REYHOLDS NO: K6.

1'TLALL(Ci 6.3 DT' I ' 1.4 NUSSELT NO~: 2.

TEST NO 115 OJRAL EXHALAITION
GAS: HELIUM DEPTH 080 200.'0fi FLOW H-N: 2.
BATH TEMPERAT UREQ 5 4. FPFESSURFE i'F':''' r H2) 011 0
TWALLI TLIALL2 TUN L -3 TWHI I4 TLJAI..L MEAN

TNASALI 1 1NHML? M EAN
46.2 46t 46.

TTRAL HERt ITRA' HEO? MEAN
43.7 44:- 43.

MEAN ''ELO''.IVCH SE': :9. REYNi~LDS NO): .14n.]] II ULI. 3 10.2 DKUT v~ HI IQEL T Hit ', 1

+ I f4+ I+44 4+4+ +4 ji It 4 fA 14 f + + +t4 4 AI 'f- + + 4
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I 1 I 'i;'I F[: HL , ' I iAl
I- ELi I 'EPI , ' -I c: F!L0fWH LF ', 50.7

i i TEMrF E. II..IFE,'::,; 54. FPESSUFEIRfPI. M H2') 0. 1
Tri l-H 1 r L., TWIALL 5I L 1.4 1WALL5 MEAN

V ' 55.4 5:-::'. ;" 54.7 5 3 .

I t..FL 1 THA - AL [MEAN
42.4 4 0 42.7

fI , HER 1 r-1 [fi' HE H, MEAN
.1 3 7. 1

ilEAL ','ELI''2 I T ' ' I. 9E' . r r . PEYNOL1-, N':: 4R',- H.4

a . TITLIALL1 'iT' Jt-7I ' 9 . IISELT HID: 18.3'

+ +-+t-4++ +-++ -. . 4 4 + + 44 4++ +.- .+++ ++++4 +++++4 1 4 .+++++ ++ 4

F , IE ,' A LP & EA:H A L 1T IO N N
HEL I I11 E"1 H ,' ., W: 1000.0 FLW ':. LPM ): 4.5

P H [ H T E MF r F P LIE 5 4: : 4. 7 'FE SURE IRO p(CM H20' :, 0. 1
T 1.tA L L1 THILL. T WA L L:.- T WALL4 TwALL5 MEAN

54 4 - 5 4.2 52 . 5 L 54 4

N H1R, 1 ft H L ,EAH
,4T 4. 4

T R ii' HEF I R Fi H E H P1 E A1FH1
41 44 1 41.

Mi~Eil'I ",'E[. inl I ', 41." <F;[:i: :,' . , ,, 1 Rl::N"i't I. l:; I NO: i,.S),1 .b

[ 'H :tL '' i , 1 .; i[ '. I' I L I[ -T i 1."

i+D +++ Ti iii Q+ 11 FLi i 1 [+ +, [+TF4+tI
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TLEST NO: 119' h HIA L>:HHI' HT I ON
HSHELIUIM DEPTIH (KW loo&@ci'h FLOWI t F 44. 1

B~ATH TErIPE R 1 LIFF : 54.6 PRESSUREL IF' 'F 'H2, H ow] u
TWRLL1 THWiLL2 TWALL2 rIJHL..i TWLLS flEil
51.9 55.4 5::7 4.4 5.45.

I ~ ~ ~ 9 IIM F-8L 16fR H t

fTF HHER I TTRA H HF IlER

MIEHN VELOCT SCiih I:Fi*F 582. RE 71 IKIm hug Kb:. 4

I'TI4FLL (Q; 48. D~rTFC 4,.0 IHflS2F[ NO: 44.4

TES;T NO 10 ORAIIFFL EK.HALATI I'I
'T.W HITFFICF DEFP1H QI 1000.0 FL.OW LPM) 2.0'~
BATi IH TEMPERAI iUREQ 5 4.3 FR SS R F I F I 'F IM 12i. 0.';
1 UHLI 1 1WFLL2 FLLo THH114I TUHIL M rEANI

5.4 54.8 3. 51 54.1 5.

rfli-1 H 1 FHASHL IF HN
47 54 . 4 7. 1 l

I~T-liHERl TTE H' H-i 0H
44.74 44.;

MlEAN ''EL']'C.T7(~lCF-I.. 26i''72 Qy~.D NO:744

DTWLLC::'3 8,7 T'1*' . Hljc3FL NO]:

I-++++++++++++++++4++i +4 + 4 i f1ifi++4 44441 4 4 44+4 + 4-f4-+-

G.H NITR''I N D'EPTH ft= 1000.0l FLO Fi IFMAi 20.i
BAH TENFFF HIHFF i.: 54.,. FP llfE 1'FI)F . H2il:0.
FUME 11 mWLL2 TWALI IWAL 4 TWAHL5 MPElit

40.., 41.4 41. 1

3P. a9-FHE Ei. HE K.1M R

MLA"F VEL 'EF.I f ':111 F' 27'4.n REYNOLDS' NO! 6335.'DI FiJ~ini. LL ' : 15.7 P] I i : 4.01 F1IIE.LT NiO: I .9
f I f +4 4 + I. i A 4-4 f4 + 4 - 1 .4 4 4 V+I I + I t + 4-4 + + 4 +4 4 1+4 + 4 1 f+ + ++ -+ +-4 + 4 4
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TEST NO 125 ORAL EXHRLATION
GAS:HELIUM" DEPTH (FSW): 0.0 FLOW (LPr1): 60.0
BATH TEMPERATURE(C): 53.7 PRESSURE DROPC' H20): 0.1
TWALLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
52.8 53.0 53.2 52.0 52.3 52.5

TNASALI TNASAL2 MEAN
47.9 48.4 48.2

TTRACHEAI TTRACHEA2 MEAN
45.6 47.9 45.6

MEAN VELOCITY (C:M'SEC): 787.4 REYNOLDS NO: 816.2

DTWALL(C): 6.9 DT(): 2.6 NUSSELT NO: :3.4

+.+++++4++++++++++++++++++++ +++++++++++ + +

TEST NO 126 ORAL EX.::HALAT ION
GAS:HELIUM DEPTH (FS): 0.0 FLOW 'LPti: 42.1
BATH TEMPERATUREC): 5:-,.7 PRESSURE DROP,:C:M H20): 0.0
TWALLI TWALL2 TWALL3 THALL4 TWALL5 MEAN
53.0 53.1 53.1 52.1 52.1 52.4

TNASALi TNASAL2 MEAN
48.5 49.0 48.8

TTRACHEA1 TTRACHER2 MEAN
46.5 49. 46.5

MEAN VELOCITY,( CM.SEC): 552.5 REYNOLD'S NI: 572.7

DTWRLL(C): 5.9 DT(CA: 2.3 NUSSELT NO: C.4

TEST NO 127 ORAL EXHAL AT IOil
GAS: HELIUM DEFTH 'IF44): 0.0 FLOW. (LP', : 87.2
BATH TEMPERATURE': 5. 7 F:PRE'URE DROP F'tM H20) : L. I
TWALLI TWALL2 TWALL: I LALL4 TWALL5 MEAH
5:3.0 53.1 53.0 52 . 1 52. 25.5

TNAS.:AL 1 TNASAL -. MEAN
46.2 4'.2 46..

TTRAC HER l TTRACHEA MEAN
43.5 45.1 43.5

MEAN VELCO IT",',.INI SEC) : 1144.4 P [",'i 's. tin: H 11 : .I

DTWALL .,C: . 0 I" C) : 1. ,ISSLL T NO: 4.

+ +++++,4- 4 -.. + + + ++ -+ ++++++ + 4- t 4 + ,-1 - . . .t .4 ,. . . 4 4 + .. 4 +1 4.4 4- + + 1 4 4
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TEST NO 128 ORAL EXHALATION
GAS:HELIIJM DEPTH (FSW': 0.0 FLOW (LPrtI: 157.6
BATH TEMPERATURE c: 53.7 PRESSURE IROP::I:r! H20): 0.:3

- TWALLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
52.9 53.0 53.2 51.9 52.1 52.4

TNASALI TNASAL2 MEAN
43.0 44.6 43.8

TTRAC:HEA1 TTRACHEA2 MEAN
40.5 41.2 40.5

lEHN VELO-': I T' . : r, SE'-:,: 206 ._. REYNOLD'-; N : 214:. 9

ETWLL::',: 11.9 D T,-: 3. NUSSELT HO:: 6. 6

++++++++++++++++ +++++++++++++ +++++++++++..+++++++ ++4 1- +-+++4 .+

<.

Ib

1
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TEST NO 7:7B ORAL 1 HALA FI I CM
GA S HELI M 1 E T H iF L W 0 FL ' Fli.: 4f.::
BATH TEMFERRTIRE, (': C 50. 6 PRESS!RE Ir''F . H2ni.: .
TWILL1 TLALL2 TWALL:- TL4AIA.4 TFALL5 iEA;.

48. 7 49. 9 4:-:. 5 4:?-.l 42. 6 4

T IASAL I THN A AL2 , F'EAN
:12. :31

TTRACHEAI TTRF1LHEA 
4:3.4 4 5. 4

MEA I Y'ELC''AT 'INT .:r: SEI: : : 2:9'.'=.4 'E"iOL.n I,., iIl(:: .iZ i ::

D TL LL I-:) : 16. ,." ' ) : ] i. i .:;'.. I Ii I' -.

S.I ++++ ,-++++..+.. +--+++- ++.+++ + + + + * t . + -+.+ I + +I i I 4 + + 4

.4 EST E- ' f 9 .[''AL I4H L I. 'Oi R A

GAS : HEL I LN'P DEPTH ..F4.. , .-., [[ , L . '* . -
BAT H TEMFE FArI. F . . F FE I -i lE 11:F R . i I' It; H
TWti.LL1 1 W I LL.2 1 nLL I H. 1.. 4 1IL T F ML, A

4: 1 C, O. 42 47. , 4 - 4-

TH HArAL i H HL iEII.

TTF I HE A I' F C H E FI I F1H
40 4 4 C

[i.I-It"FI " L I 4l F ' I ,j+. ! ! I-i 1 "I 4 I 1 t 4 ' ' , "" ' ,

+E::; I '-:. J 4 1 4' i'. ~ 4I' 1 I I',

VT- 41 -I . I I L I

Vf :H IF 1 [I I I

M Htt HL I i' !.:11

1 4 . I ,.

lull t~+F Lii"1 , ii, n

-I
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I-m NO Q' ORA 'I:L. INHISLAHI IliI
'Iii. H~lil DEPTH~ I sII ow. FLOW :.LF[1A 210.6

Fr-lili >1 [EiH [UhF''i 5. PRESS.URE DROV11M[ H20)2.
rI i. I OHL.1 2 ii IHL3 I.. ILHI L4 iWLLLS M1EAN

-;.8 : 5 -. ,1 18.5 46.1 48.5 47.9

I HMil M ~HSAL2 HMEAN

2 6, 5-

if pII 'il i t ; 2:tt. U[RYNOLDIS II': V:84. 9

ii~~~~ Ii -I 1 H~ M& Fi.ELt NO[: 15. 5

[ i I 'ETH nw] I I .0 FLOWL 'LIII: 97.7:
t 'I i IFof 14 on i K 5 ' [F MF'3 F DR'DF(CI1 H20:' 0..'

I~~ ~ ~ ~ II Fir I. 1-1 .

if ; .J I h sy 'at I' 17 O Ni : 12 3.

I II w [ Li I Ci na 50 n [EI NO 9il . ,

t' ME '~o H H2 0. 'I

4d

I I 1, '4 ni I
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TEST NO 90 ORAL INHALATION
GAS:AIR DEPTH (FSN': 0.0 FLOW 'LPM,': 80.7
BATH TEMPERATUREC': 50.4 PRESSURE DROPKC H20): 1.0
TWALLI TLALL2 TWALL3 TWALL4 TWALL5 MEAN
48.7 50.1 49.4 48.2 49.6 49.1

TNASALI TNASAL2 MEAN
32.3 35.5 33.9

TTRAC:HEA1 TTRACHEA2 MEAN
40.1 42.9 40.1

MEAN VELnCIIT' (CM..SEC) : 1059. REYNOLDS NO: 8,.5. 0

DTWALL(C): 15.2 DT(OC),: 6.2 NLISSELT NO: 39. -

* *1

TEST NO 91 ORAL INHALATION
GAS: AIR DEPTH : FSI' 0.0 FLOW LPM : 119.4
BATH TEMPERATUREKC): 50.4 PRESSLURE DROP(C:M H20): 1.8
TWALLI TNALL2 TWALL3 TWALL4 TWALL5 MEAN
.48 E.6 50.1 49.4 47.'9 49.5 48.9

TNASALl TNASAL2 MEAN
30. :3 33.6 :32. 0

TTRAC:HER TTRACHEA- MEAN
38.2 41.1 38.2

MEAN VELOC I .CI SEC: 1566. 9 RE YNOLDS NO: 12':'309. 9

DTWALL(C:): 17.0 DT :C : U K. , ISSELT NO: .

+++++++++++++++++++++++ + + + + 4- ++++ +++ ++++++++++4 +++ ++4

TEST NO 92 0DE AL INHAL ATION
GAS:AIR DEPTH F,:-;W,: 0.0 FLOW ,LPM:: 97.:3
BATH TEMPERATURE,:C-: 50.4 F'F E'-;'LIRE DRFP'K C:M H20.',: 1.4
TIALLI TWALL2 TI., ALL:3 TLJALL4 TWALL5 MEAN
48.7 50.:73 49.5 4.2. 3 49. 7 49.2

TANSALI TtIASAL2 MEAN
31.7 :3: 5. 1 -.3.4

TTRACHERI TTRAC:HEAL2 MEAN
39.8 4.2 39.'

MEAN ".'ELOC IT',','i- M S.'-,EC,: 1276. U E'O-ILD'S; Nl: 1 4:'_:::"' 9

DTWLLiC;,: 15.8 FT : ,. .4 ULISSELT NO: 47,T7

. + .. +.++++.-.. +.+.+4- 4. +41+4++++4 +++ +4 + .-+++++++44
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TEST NO 93 ORAL INHALATION
GAS:AIR DEPTH (FSW': 0.0 FLOW (LPM): 132.6
BATH TEMPERATURE(C': 50.4 PRESSURE DROP(CM H20): 2.1
TWALLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
48.7 50.1 49.4 48.0 49.5 49.0

TNASAL1 TNASAL2 MEAN
30.7 34.3 32.5

TTRACHEAI TTRACHEA2 MEAN
38.6 43.6 38.6

MEAN VELOCITY(CM/SEC): 1740.2 REYNOLDS NO: 14226.1

DTWALL(C): 16.5 DT(C): 6.1 NUSSELT NO: 59.3

..............................................................

TEST NO 94 ORAL INHALATION
GAS:NITROGEN DEPTH (FSW): 200.0 FLOW (LPM): 7.7
BATH TEMPERATURE C)': 56.6 PRESSURE DROPCM H20): 0.0
TWALL1 TWALL2 TWALL3 TWALL4 TWALL5 MEAN
57.1 58.4 57.4 56.1 58.6 57.4

TNASAL1 TNASAL2 MEAN
:39. 0 41.3 40.2

TTRACHEH 1 TTRACHEH2 MEAN
48.2 51.0 48.2

MEA N VEL0uIT'( I MHSEC ): 10 1. 0 RE""NOLDS NO: 5720.5

DTlALL(f:): 17.2' D T ( C.) .1 NUSSELT NO: 30.7

+. -4++++ + + .+.+++.+++++.+.+++ 1 .-+++++++++++++++++++++++

TEST NO 95 ORAL INHALATION
GAS;:NITROGEN DEPTH (*FSW): 200. 0 FLOW (LPM): 20.7
BATH TEMPERATURE,:.C): 56.5 PRESSURE DROP(CM H20): 0.4
TWALLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
57.0 58.3 57.4 54.7 58.2 56.8

FNASAL I TNASAL2 MEAN
:33.3 36.6 35.0

T TRiCHER 1 TTRACHEA2 MEAN
43.7 46.5 43.7

MFHN VE,,'TlIIY,: Cr1> SEC' ): 2,71.7 RE'YN1OLDS NO: 15378,6

I1T 1H LL '. *: I. : " 1 .T': :'; . : :s- NDUSSELT NO: 70.9

4 44 4 4 + 1 4 44 - + .+4 4-. 4 44+4 4 A 4..-. + .+. .+ ± ++ .++++ 4++4 +++++++++++ '1",4.
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TEST NlO 96 OFHL iN1HALAT I Ot"
GA': N I TROAEN DEPTH H ::, 200.0 FLOW ' LPI ) :32.
E:ATH TEMFERffITURE' : 56. 3 PFESSULIRE DROP ,.N -M H20 : .r
TLALL1 TWALL2 TJALL3 TWALL4 TWALL5 MEAH
56.7 58.2 57.1 5.3.5 57.7 56.1

TNAA;L I TNASAL2 MEAN
:31.2 33. 9 32.6

TTRFCHERI TTRACHEA2 MEAN
40.5 4:3. 3 40.5

EAH VELOC: I T',:: C: M..SEC ::, : 422. . RE'-OLD- NO: 2 922.

T'TWALL (C:,: 2:3.6 DT(C:*,: u NUSSELT NO: 92.'8

+++++++++++++++++++++++++..+++++++ +++++++++ 4+++++ .- +++++ 4-++ + +

SE '-.;T NO 97 Oi R AL 1I H A L AT ll
r I TFOGEN DEP TH 21' ': 300. 0 L N L ) : 41. I

BATH TEMPERATURE ,:r.': 5t.-  P REURE ,: IIR .(N H210 1. 4
IJALL 1 TALL2 TH_- L L -TWALLT4 TAL. MEAN56. 1 SJ :3 56.5 530 5. 4 J.

TtIA:3AL 1 TN I. MNEAH
CI . 81 5

F TPALHEA I TTRw HEA2 IIEA
41. 3 9.

EAN YELIC I T',, r4 N C: f - 4 f -Er' ILD'I t : :-:A 1:,4.4

DrWALL C .,: 2:3-..5 T . HI EL [ NO: 10.

.+++++++++ .++++. .. .. 4-+++4 4. . . .. t t -4 + + + 4 + + + + t + 4+++. f+

TE T N N' U-FH[ IHHALHT IlN
* t Fi1 Et DEP ' , ' I .1L OW I.F''I: L :I 4:-. 4

BA I H TE F ERATLIRE RF',: E ' RE RP "1i H20 I, :
TWL L I TIANLL2 I WHLL-' 'I Wj-I 1 1 ILL_ rEAN
55.5 57.5 56. I I r. S5 .

Ti-HL TNAS L E' MNEA
:-L:l. -, *32..-- -1 h.

T TFAL:HER 1 TTtRCi'HEA2 MiE A

'EAN vELOC I ,1 '., C ;EC , : 6 :35. RE i 0L t1N : 3 ' t571. 7

DTHLL: .5 T : : T .1 Nil S E L T N O: 111 . 7

+ t + + + -+ + 4 +1 III I4 t+.,.+.. -.-++444+ - -++t-4++ ...+++++.. 4 + +4+

-i
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If fN 9Q OPAl. 1 I I H I-] 'OM
I.M .ELIHfl IEPII F K&: Si'. 0 F:LW : LEM). .3 -

PR7HI TEMPEPATURE'. C 55. PRESSLURE liOp( H120 0.0U
THI1 TWALL2 TLJALL I WLLi[14 TWALL 5 MEAH
54 57.1 55.6 54. 5.4 55.4

40. C 41 4 41.

TTF:A'HEA1 TFH' HEMw MEAN
49.4 52. 49.4

MEAN VELOL: TY(CMVE0i 4. RENOLDS:E NoI ?14.8:

IITLALL(C:) 14.2 I K : 8. riLSSEi[ NO: 2. U

TEST NO 100 ''FAL I NHAL~ I ON
GAS: HELI U DtEFPTH F N;' 200. 0 FLOW K LPl) : 41 .2
BATH TEMPEkA!RC) 55F.0 PRFFSSU-RLIE DRP'J C H2')' 0. 4
TWAhLL1 TWALL. I WALL3 TW'A-L4 TWAL LS MEAN

55.:5.y 55. 525 . 54-:

TTPHGERl TTPRH H2 MEAN
. * 44. 42.:

Hi V ELOLI f1:Cii SEC): 5.40.T FREYNOILD'S NO: 34:30. 2

oiWALL" K:.: &z .2 liT ':16 10. 1 MLJSELT NO: 19. 7

FTESF NO 10i ORAL I NHAL AT ION
G.;S: HEEL I' DEPTH F&W : 200.0 FLOW KLPM): 19. 6
[:5TH TEMiF'FL Lit, IM 7: 54.7 FF'ESSCUFE l'F.OFK 'Il H20) : 0. 1
TWAI. [I IIL L, I WALL 3 TWud IA TWALLS MEAN

S&. h. 55.3 01.1 55.9 54.3:,I IAC.HLI TNASAL2 MEAN
14. L 5. ~ 34.6E

* ' U(PALHERI TTPAJHFM MEAN
46. 1 48.--: 46. 1

MEAN ''ELCITYCM 1EC1 :25T.2 REYNO:LDS NO: 1869. 7

L'TNHL t f;.: maI. El.:: i:1.5 MLISSELT NO: 11.8If t t4 4 +4 + +4 + + + + 4+44. ... ........4
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TEST NO 102 ORAL INHALATION
GAS:HELIUM DEPTH (FSW': 200.0 FLOW 'LPM): 14.3
BATH TEMPERATURE(C): 54.4 PRESSURE DROP(CM H20), 0.0
TWALLI TWALL2 TWALL3 TWALL4 TWALLS MEAN
54.8 56.5 55.1 53.5 56.1 54.9

TNASALI TNASAL2 MEAN
35.6 36.5 36.1

TTRACHEAI TTRACHEA2 MEAN
47.7 49.8 47.7

MEAN VELOCITY CM SEC): 187.7 REYNOLDS NO: 1:364.1

DTWALL(C): 18.9 DT(C): 11.7 NUSSELT NO: 9.4
................ 4 ...................

TEST NO 103 ORAL INHALATION
GAS:HELIUM DEPTH 'FSW): 200.0 FLOW 'LPM): 7.8
BATH TEMPERATUREC:): 54.3 PRESSURE )ROP(C, H20): 0.0
TWALLI TWALL2 TWALL3 TWALL4 TWALL5 MEAN
54.5 56.2 54.9 53.5 55.6 54.7

TNASAL1 TNASAL2 MEAN
36.7 38.6 37.7

TTRACHEA1 TTRACHEA2 MEAN

49.4 51.3 49.4

MEAN VELOCITY(CM.SEC): 102.4 REYNOLDS NO: 744.1

DTWALL(C): 17.0 t)T(C': 11.8 NUSSELT NlO: 5.7 ,

++ ++ + + + + + + + + + + .++++.++++ +++ +.. ++++++++++ .+ +...- ++ +4 ++ +++ +

TEST NO 129 ORAL INHALATION
GAS:NITROGEN DEPTH (FSW : 1000.0 FLOW ,LFM): -3.3
BATH TEMPERATURE',: C',: 54.2 PRESSURE DROP-FOF(:M H201,': 0. 0i
TWALLI TWALL2 TWALL-3 TWALL4 TWALL5 MEANj 55.3 55.1 5:3.9 52.7 55.9 54.2.

TNAS";L1 TNASHL2 MEAN
36. 3 :38.4 37.4

TTRACHEA1 TTRACHEA. MEAN
46.0 48.0 46.0

MEAN VELOCITY(.CM..SEC ): 4.3. :'. REYNOLDI. NO: 10792.4

DTWALL(C): 16.8 DT,'C:, :.8.7 NlISSEL.I Ni1: 62.,7

++++++++++++. 4 +++.+++++++++++++++++4+++++++.+-++4+++++44+A++++

K



281

1'EST NO 1:30 ORAL INHALATION
GAS:tNITROGEN DEPTH (FS.1): 1000.0 FLOW (LPM): 10.4
BATH TEMPERATURE(.C): 53.9 PRESSURE DROP(CM H20): 0.0
TWALL1 TWALL2 TWALL3 TWALL4 TWALL5 MEAN
53.8 54.9 53.7 51.4 55.5 53.5

TNASAL1 TNASAL2 MEAN
:30.6 32.7 31.7

TTRACHEAI TTRACHEA2 MEAN
42.1 44.2 42.1

MEAN VELOCITY,CM/.'SEC): 136.5 REYNOLDS NO: 34012.4

DTWALL(C): 21.9 DT(C): 10.5 NUSSELT NO: 183.5

..............................................................

frET tNO-C I-'I ORAL INHALATION
GA:;: N I TROGEN DEPTH ,FSW) : 1000.0 FLOW (LF'M): 10.7
BATH TEMPERAT'URE' C': 53.6 PRESSLIRE DROP(CM H20) 0.5
TWALLI T, ALL2 TWALL3 TWALL4 TWALL5 MEAN
54.0 54. :: 5:3.2 49. 6 54.8 52.5

T N A L I TNASAL2 MEAN
30.:3 32.4 :3 1. 4

[TRAC:HEH I TTRACHEAt.2, MEHM
- 39. 7

MEAN VELuL IF r j C N SEC :C 140.4 RE"NOLDS NO: :499:-. 5

DTWALL(C:),: 3:11.2 IT(C): 5.9 N. ELT N0 109.2

++++ +++++++++.++++ +++++ + ++ +++++ . .+++ ++++ + ++++++ +++ +++++++ 4

TEST NO 132 ORRL I NHFILAT I OH

GAS_:': N I TROGEN DEPTH ,F' ,!,1 ': 1000.0 FLOW 'LPM): 12. 1
BATH TEMPERATURE r ', 5:3. 1 PRESS.-,URE DROP-. I"M H20 : 0.6
TWLL TALL2 TJIL L 3 TAI-L I TIALL5 MEAN
53. 4 54.2 " 5 49.O 54.- 52 .1

N AS.,AL 1 7 H'i-' 2 M'iEMA
31.1 2. 0
T PAC HEA I 1FI RAHEM ME AN
2, 7.4 .39.8.:,"T2. 4

MEAN 'ELr: I ' , rt "E .1 F 1L £1: 1 N I: '.572'.1

IITWHLL., : .:O. 1 IT'' 'D T t 'E.T No: 11:1.9

4 f -~4 + + -f I. ++ 4-14' + 4-- +4 !I.! 4'I- -" * I " 4 ... .. -- + -- 4 .... ... 4-++F
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rE fH NO (A Ot iHHILIT lutn
&AS:NI Thu Er DEFTH ':. F : lJ u0ii 0 FLOW 'LPM): 6.:),
BOTH TEMiFERPATHEM: 52. FFEE fRIDPKM H200 .
TFJHLL1 TWJALL2 TWLL IL*HL[14 TWLL MEANI
53. 53',6 52.0 4. 5.9

K TTFC.HEA1 TIPACHER: MEAN
-*- 9. 842.5 19. el

MEAN VEL'JL £ 1Y CM/SEC): 39.2 REYNIOLDS tu:l 22238.9

IITUFLL (I:: 183.5 LiT&A 6. 4 MUSSEL T NO':3.

++++++++++++++++4-+f++++++++4+4+++4 *+++++++ +++++++++++++fffff++

TEST1 NO 134 ORF-AL I NHALAT ION
G HS:I TF:OG14  DIEFPTH : ESW :: 1000. 0 FLOW ':LEN) : 25. 2

- , BATH TENPEEFITUPE C.': 52. 4 PRESSLIRE DROP"i: H2O)1 4.1

THHAL1 THNiSAL2 MEAFN

IF i-iHEN 1 TI EAGHEAS ME AN
2 4 937.5 3 4.9

MEAHN VEL'''I 1- .Cr1 SECA: 330.7 2 FYNOLL'S NC: 0. 414. 6

'TLJHL L(Q '. 0. 0 Ii C:: 3. 4 NUSSELT NO': 152.]:

f+++fff++f4 f++f4f4f+4-+44+444+4 44+++f+44-+f+++fi4 *ffffff++*t44

TEST NO 1':' I'pmL INMHALAITI ON
GASE ILIHliiL DFTIH F SWA: 1000. 0 FLOW kLEN): 3. 6
BATH IE MPLRii Ukl- '. 51. 0 FRESSLIRE DROP':CMr H20 ): 0. 1
FNWt F TWHI V THAL.3 1 HALL.4 TWALL5 MEAN

559 Gq Li4 50.$ 53.3 51.+?

TNHqHL1 TNHK AL.2 MEAN

IIFHC HEHI 11RAC HEFi.* MEAN

44 14 .14 .
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TL'S I Nt' 1 . OPAL 1 HA t. l I' Ml
u Hi::dEL IIIH DEPTH (F ,l,: 1000,.C' FL.OWJ ', l ' i .:
BATH TEMF'EFATURE(- : 51. F E .E;'.I D R'I" i M HFl ,,. M
THLL I I Ni.L L.2 TWALI- T WA L L 4 T.AL L5 MEAH

1. 1. 5 .... -2 5 1 . u

T FIA ML I THA-27 M E A NALN
: S2.0 :3.4

T T F ', H E A I I TRF'-HEH L. W l
3. 8 41.

HEFIN ,ELOC I T'-'f I ~'l 'E, : CF N'L.JS N : .0 .4

"'TWMLL ( 5l: 1.. .T ..A • . , I T [T Nil: .0
'I ,. " I- "I--I- ~ ~ 4 + - ++++++ -+ +-++4 +'-. + + 4 4 1 1 4- + +. +. 4 4-'-'" + 1~ 4l" +".-+ 1' 4 + 4 4 1 +I "I-- FI +' I

TEST NO 13? OR.AL. I NHAL.AT I ON
GAS:HEL 'I UN[EF 1 H 1 01 0[ , Fri') ., I
BATH TEMPEf-iTIJF' 5tE ,'i :, 5 F FE- II. P.OF' N H2'f : Li. 1 .
TWALL 1 TLJ AL L2 T II L l . L L. .4 T Wl . 5 M'ErW
51.5 52.6 1 49.1.5, 0 9 1..

-rN SAL 1 "[I.N .H ML2 t.E A N
34.9 :34. 1

Tr A A C HE AI TTP'.C:HEH::, W EA I
4:3.1 4 4 : 4:.1

T'E , /EL L r [ v N SE . : :1-1 . 1 E'i'NO [ N' l : 1 L t l" C

f 4 ++ + ++* + + + 4+ + 4 II I + 14 A 4I + 4;+-I + 14 4 4 44 + 1 + I+4414 +4 4-1

N,
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